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. Abstract
The present PhD thesis describes the design, execution and results of the HRMT-10 ex-
periment performed at the HiRadMat facility of the CERN/SPS complex. The ﬁrst part
of the thesis covers the design optimization studies of theHiRadMat facility, focusing in
particular on the radiation protection issues. A detailedMonte-Carlomodel of the facil-
ity has been developed and validated through comparison with measurements. A very
satisfactory agreement between the simulation and the experimental data is observed.
In the second part of this thesis, a novel feasibility experiment of a fragmented solid
target for a future Neutrino Factory or a Super Beam facility, able to support high beam
powers ( 1MW ) is presented in detail. A solid granular target has been proposed as an
interesting alternative to an open Hg jet target, presently considered as the baseline for
such facilities, but posing considerable technical challenges. The HRMT-10 experiment
seeks to address the lack of experimental data of the feasibility of a tungsten powder as
such a target.
The instrumentation of the experiment was based on remote high-speed photog-
raphy as well as on Laser-Doppler vibration measurements of the target containers
(through a mirror setup and behind a specially designed shielding). The behavior of
the powder as a function of the beam parameters is analyzed, and the diﬀerent disrup-
tive eﬀects observed due to the beam impact are described. For the ﬁrst time, the proton
induced velocities of powder ﬁlaments were measured. Values of up to 1.5 m/s for a
proton bunch intensity of 2:94  1011 at 440 GeV were observed. A theoretical model
of the behavior of the target after the impact of the beam has been developed, and is
found to be in good agreement with the experimental data.
The extrapolation from the measured disruption speeds to the nominal beam pa-
rameters of a Neutrino Factory show a projected maximum speed of 30 m/s for the
powder grains. This speed appears to pose no practical problems for any foreseeable
type of container, and therefore tungsten powder can be considered as a valid option
for a future high-power beam facility able to support  1MW of beam power.
Keywords : high power targets, neutrino factory, feasibility experiment, beam-
material interaction
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. Résumé
Laprésente thèse dedoctorat décrit la conception, l’exécution et les résultats de l’expérience
HRMT-10 eﬀectuée à l’installation HiRadMat située au CERN/SPS. La première partie
de ceĴe thèse traite des études d’optimisation de HiRadMat, se focalisant en particulier
sur des questions de radioprotection. Un modèle Monte-Carlo détaillé de ceĴe instal-
lation a été développé et évalué par le biais de comparaison entre les mesures expéri-
mentales : on constate un accord très satisfaisant entre la simulation et ces dernières.
Dans la seconde partie, une nouvelle expérience de faisabilité sur une cible solide
fragmentée pour un futur Neutrino Factory ou une installation Super Beam, capable
de soutenir des faisceaux de forte puissance ( > 1MW ), y est présentée en détail. Une
cible granulaire est proposée alors comme une intéressante alternative à une cible d’un
jet de Hg, actuellement considérée comme la base de telles installations, faisant cepen-
dant preuve de considérables déﬁs techniques. Le HRMT – 10 tente ainsi d’aborder le
manque de données expérimentales de la faisabilité d’une cible de poudre de tungsten
comme telle.
L’instrumentation de l’expérience a été fondée sur la photographie haute vitesse à
distance, tout comme sur le mesurage de vibrations Laser-Doppler des conteneurs de la
cible Le comportement de la cible en fonction des paramètres du faisceau y est analysé,
et les diﬀérentes disruptions observées dues à l’impact du faisceau y sont décrites. Les
vitesses des ﬁlaments de la poudre, induites des protons, ont été mesurées pour la pre-
mière fois. Des valeurs allant jusqu’à 1.5m/s pour une intensité de faisceau de protons
de 2.94 1011 à 440 GeV ont été observées. Un modèle théorique du comportement de
la cible après l’impact du faisceau a été développé, lequel s’accorde parfaitement avec
les données expérimentales.
L’extrapolation de la vitesse de disruption mesurée à partir des paramètres nom-
inaux du faisceau d’un Neutrino Factory, prévoie une vitesse maximale des grains de
poudre de 30 m/s. CeĴe vitesse semble ne poser aucun problème pratique pour tout
typede conteneur, et, par conséquent, la poudre de tungstenpeut être considérée comme
une option valide pour une future installation de forte puissance de faisceau, capable
de soutenir > 1 MW.
Mots-clés : cibles de forte puissance, neutrino factory, expérience de faisabilité, in-
teraction faisceau - materiel
v

.
. Acknowledgments
”Give credit where credit is due”
Many persons contributed with their own way in the completion of this thesis.
However, in this section I would like to express my greatest gratitudes to the following
persons, since without their active contribution, the completion of this work would be
impossible.
Dr. Ilias EFTHYMIOPOULOS, my CERN supervisor. There are not enough words
to express my gratitudes to him. From the ﬁrst moment of my entrance in EN-MEF-LE
section, he started to inspire me and, without demotivating me, to explain me how to
cope with the diﬃculties that I would have to face if I wanted to learn physics. Always
seĴing the highest level of excellency even at the smallest piece of scientiﬁc work, he
taught me with his way to face the challenges of research in physical sciences, being
reassuring when I was crossing the valleys of depression, and always respecting my
opinion during some occasional disagreements on the road to be followed. He stood
as nothing less but a father to me, and I hope that we will continue our collaboration.
Ήταν ”θέµα χηµείας” ! Ευχαριστώ !
Dr. Adrian FABICH. It was an incredible windfall for me, that the one person that
did a similar thesis with me 10 years ago, co-supervised my analysis. From his ﬁrst
moment in the section, Adrian was actively interested in my work, treating my thesis
with the same interest as if it were his own work, and teaching me not to be afraid
of software codes. Always willing to be interrupted by me from his full schedule in
order to discuss my new results with me, he taught me to be irreconcilable with ”less
than perfect” quality of work, and, without even being my oﬃcial supervisor, he was
demanding from me to ”stand on my feet” and being innovative, scientiﬁc & precise.
Thank you, Adrian !
Prof. Leonid RIVKIN. Without Prof. Rivkin this thesis would have never taken
place; he gave me the unique opportunity of being enrolled as a doctoral student in
EPFL. Despite his very busy schedule, Lenny was always there to resolve any problem
that could appear, and give his scientiﬁc opinion for my thesis, always being reassuring
and without stressing me. Thank you !
vii
The HiRadMat design & operation team. During the design phase of the facility, I
worked with many persons each one of them taught me something diﬀerent. Hereby I
want to thank: Chris THEIS andHelmut VINCKE for their valuable help inHiRadMat’s
radiation protection studies; Michael LAZZARONI who helped me with the experi-
mental drawings, and showedme how to interact with the technical personnel; Cather-
ine MAGNIER answered all my pedantic questions concerning distances & materials;
Aboubakr EBN RAHMOUN (Abou) provided me with his everlasting support when a
crazy idea was generated in my mind, and he had his way to make things work; Dino
DE PAOLI, for his continuous presence in the experimental area and his prompt replies
and willingness to help concerning every aspect of the facility; Jerome LENDAROwill-
ingly answered my numerous questions concerning the cables and electronics of the
facility and the experiments, and gave me his support even at last moment’s notice;
Kurt WEISS, with his smile and his strict style, was always there for HiRadMat, and
even in weekends he posed himself available to allow, as radio-protection oﬃcial, ac-
cess in the facility. Ans PARDONS and Sebastien EVRARD for being always willing to
give me any information on dimensions, materials & construction details despite my
”intrusion” in their oﬃce. Thank you very much !
The ”RAL” team, Drs: Chris DENSHAM, OĴone CARETTA, Peter LOVERIDGE
and Tristan DAVENNE, for their contribution in designing the experiment. We had a
nice time during the data taking and very useful discussions of scientiﬁc nature! Fore-
seeing our next collaboration :)
Marco SILARI, my MSc thesis supervisor, with his everlasting interest in my PhD
thesis and my work, giving me useful ideas and proposing new experimental chal-
lenges. His prompt replies to my e-mails always relieved my stress, and his friendly
behavior created a comfortable work environment. I hope to the continuation of our
collaboration !
My life at CERN had as basis the habitants of b. 530. Each and everyone of them
contributed to my daily happiness with their own way: Michael JECKEL, David Mc-
FARLANE and Lau GATIGNON for stopping by my oﬃce and telling me important
stuﬀ concerning science or not; Erwan HARROUCH for smiling at me and stealing my
tea; Marlene TURNER for always stopping by my oﬃce to press me for coﬀee brakes;
Gersende PRIOR for her scientiﬁc interest and willingness to discuss with me any sub-
ject of scientiﬁc or personal life; Theo RUTTER for giving a tone of smile and optimism
in the building; Yisel MARTINEZ-PALENZUELA for her jokes and chocolates; Gian-
luca CANALE andMatsWILHEMSSON for keeping the building in place; Also Sylvain
GIROD for having always beers to oﬀer. Thank you all guys!
Without theGreek gang@Suisse, lifewould beway too boring; Andrea(s)withwhom
we spend weeknights, weekdays and weekends working in my oﬃce, discussing sev-
eral aspects of our thesis, playing with the high-speed camera and the vibrometer, al-
ways together learning physics. We had one another; and we will continue...Anna with
her smile organizing activities that nobody else would; Matina, maybe the best cooker
around; Manto and Christos for sharing with me their inner thoughts about the future;
viii
ViĴorio for the ”Mizzika” Saturday mornings; Athina, Iosiﬁna & Soﬁa for the nights @
Cheval Blanc 16, with songs & coﬀee; Domna, Vasilis, Alkisti & Stasa for taking care of
my outnumbered teeth; Nathalie for the french courses and a lot of more things; Love
you all guys!
Ole - Martin HANSEN & Bartolomej BISKUP, both deserve a special note. The of-
ﬁcemate during a PhD thesis is like a roommate; he shares with you your happiness,
your sadness, and he is there to support you in the diﬃcult (and not diﬃcult!) times!
Hardly there are words to describe how much I enjoyed you being my friends guys. I
hope we manage to stay in touch...I was lucky to meet you!
My sister Eleni and my parents, Polydoros & Litsa know that there is no need for
acknowledgments here. They have been always believing inmy choices and supporting
them without doubt...! Thank you !
Two more persons need to be mentioned here. S. that was here when everything
started, and her back-then motivation. L., with whom I shared every day of the last
diﬃcult months...and she was there trying very hard to relieve my stress. Thank you, I
will do the same for you...!
The research leading to these results has received funding from the European Commission
under the FP7 Capacities project EuCARD, grant agreement no. 227579.
ix

.
. Contents
1 Introduction 1
1.1 Beam-Material Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Accelerator Components and Beam Targets . . . . . . . . . . . . . . . . . 2
1.3 The HiRadMat Facility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3.1 Beam line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3.2 Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3.3 Experimental Area . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2 Radiation Protection Studies for HiRadMat 9
2.1 Monte   Carlo Simulation framework . . . . . . . . . . . . . . . . . . . . 10
2.2 Simulation Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.1 Prompt Ambient Dose Equivalent Rate Calculations . . . . . . . . 11
2.2.2 Activation Calculations . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2.3 Background Calculations . . . . . . . . . . . . . . . . . . . . . . . 15
2.2.4 Cooling Water Activation Calculations . . . . . . . . . . . . . . . 16
2.3 Comparison with Measurements . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.1 Simulation Details . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.2 PMI Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.3 Comparison Results . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3 The HRMT-10 Experiment 29
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.1.1 Solid Fragmented Targets - The HRMT-10 Experiment . . . . . . 30
3.2 Experimental Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.1 Beam Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.2 Energy Deposition Studies . . . . . . . . . . . . . . . . . . . . . . 32
3.3 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3.1 Experimental Apparatus . . . . . . . . . . . . . . . . . . . . . . . . 34
3.3.2 Experimental Layout . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.3.3 Instrumentation Parameters . . . . . . . . . . . . . . . . . . . . . . 43
3.4 Data taking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.5 Activation of the target & decommissioning . . . . . . . . . . . . . . . . . 47
xi
4 Data Analysis and Results 51
4.1 High Speed Images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.1.1 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.1.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.2 LDV Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.2.1 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5 Theoretical Model 73
5.1 Second time regime: t  tc . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.2 Initial Acceleration: t  tc . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.2.1 Expansion of the He gas due to the temperature increase . . . . . 77
5.2.2 Thermal expansion of the W-grains . . . . . . . . . . . . . . . . . 79
5.3 Speed of the expanding gas . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.4 Higher beam position . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.5 Post-Irradiation observation . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6 Summary & Discussion 87
6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.2 Extrapolation to Neutrino Factory parameters . . . . . . . . . . . . . . . 87
6.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
6.4 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
A The movement of the powder as a function of time 91
xii
.. 1 Introduction
1.1 Beam-Material Interactions
The heating of materials exposed to intense, high-energy particle beams has been ob-
served since the early years of accelerators. More speciﬁcally, when a highly energetic
particle beam impinges on a material, thermal eﬀects caused by the direct energy depo-
sition of the beam particles are induced to thematerial. Additionally, since the duration
of the particle burst is in the order of microseconds or even shorter, the heating of the
irradiated material proceeds in times during which heat conduction is negligible [1, 2]
and therefore mechanical stresses are created by this rapid non-uniform temperature
increase.
Stresses caused by non-uniform heating in general have been extensively studied
in the framework of Thermoelasticity, for which extensive literature is available (for ex-
ample, see [3]). Nevertheless, the study of the stress waves caused by a particle beam
and their impact on the target materials lacks experimental and theoretical data. A ﬁrst
theoretical approach for simple geometries began in the 1970’s [4], along with some
experiments [5]. The present theoretical framework [6, 7] states that these induced
thermo-mechanical stresses can be categorized into three dynamic regimes, as a func-
tion of increasing deposited energy: elastic stress waves, plastic stress waves and shock
waves.
The common practice when the design of near beam components or targets is con-
cerned, is to rely on the simulated prediction of thematerial behavior under the eﬀect of
the beam by advanced, highly non-linear numerical tools andMonte Carlo simulation
codes. The means of computation of the energy deposition from the beam is performed
using sophisticated physics models based on cross-section libraries and high-energy
hadronic and electromagnetic models of the particle interactions with the maĴer. This
energy deposition map of the material is then imported either in standard ﬁnite ele-
ment codes (e.g ANSYS ®) or Hydrocodes [8] for the calculation of the stresses and the
induced deformation. These computational codes and tools are mainly based on math-
ematical models that are poorly or not at all validated with experimental data [9, 10].
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1.2 Accelerator Components and Beam Targets
In modern accelerators, injectors or colliders like the Super Proton Sync-hrotron (SPS)
[11] or Large Hadron Collider (LHC) [12], two main issues should be carefully consid-
ered, from material point of view: (a) the correct design of the near beam components,
that must be able to receive the full beam power without structural failure and (b) the
target design.
A prime example concerning the laĴer is neutrino physics, a ﬁeld that is relatively
unexplored. The production of neutrinos can only be achieved through the interaction
of primary, highly energetic protons with a target. In the case of CNGS [13] or a per-
spective Neutrino Factory [14], the ﬂux of the secondary pions that decay to muons and
subsequently in neutrinos must be as much as possible in order to allow the study of
these particles. Due the high power (4MW) of the primary beam, the design of a target
system able to accept such a beam becomes challenging.
It is therefore imperative to validate the simulation results for such target systems,
and to evaluate the existing models before they can be trusted for future target designs.
Since the only way for these unknown phenomena to be studied is through experi-
mental observation, several experiments of damage to LHC collimators, as well as on
material robustness under the eﬀect of the beam have been performed in the past [15] at
Conseil Européen pour la Recherche Nucléaire (CERN) and elsewhere [16, 17, 18, 19].
Despite these eﬀorts, the exactmechanisms that dominate the propagation of these ther-
mal phenomena in solid, liquid and granular targets are, until today, far frombeingwell
understood.
The majority of the aforementioned experiments and tests have been performed on
temporary installations or beam line facilities, with the corresponding planning diﬃ-
culties and the safety issues from potential impact on the operating beam lines. For
these reasons, it was decided to build a dedicated facility for performing experiments
that would allow the study of beam - material interactions at CERN.
1.3 The HiRadMat Facility
1.3.1 Beam line
TheHigh Radiation toMaterials (HiRadMat) facility is located in the CERNWest Area
[20, 21]. The primary proton or ion beam is extracted from SPS (Figure 1.1). The nom-
inal proton momentum is 440 GeV /c. The beam structure consists of several pulses,
each one consisting of a number of bunches. The proton beam parameters available in
HiRadMat are summarized in Table 1.1.
The SPS is operated in a so-called “multicycling” mode: the machine continuously
runs a repetitive sequence of beam injections, accelerations and extractions of various
particles, serving all the experimental areas and facilities of CERN. These repetitive se-
quences are called “supercycles”. The SPS supercycle servingHiRadMat has a duration
of either 16.8 s (short supercycle) or 44 s (long supercycle), depending on the beam pa-
rameters chosen each time. Once per this time interval, the beam can be extracted to the
2
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facility through a dedicated, newly constructed extraction beam line.
This extraction beam line, given the code name “TT66”, was designed to oﬀer great
ﬂexibility in the beam parameters (intensity, spot size, horizontal and vertical position)
in order to serve the purpose and speciﬁcations of each experiment [22].
Figure 1.1: Schematic view of the CERN accelerator complex
Parameter Value
Energy 440 GeV
Bunch Intensity (max) 1:7 1011 protons
Number of bunches 1 up to 288
Pulse Intensity (max) 4:9 1013 protons
Bunch Length 11:24 cm
Bunch Spacing 25; 50; 75; 150 ns
Pulse length 7.2 s
Table 1.1: The HiRadMat beam parameters. Depending on the speciﬁc needs of each
experiment, the number of bunches per pulse, the bunch spacing, as well as the total
number of extractions can be adjusted.
The beam is extracted from the SPS and then is transported for 200m to theHiRad-
3
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Mat experimental area, where it is focused on the test objects. The beam focal points
can be found in Figure 1.2, while the beam dump is located at a distance of 4m beyond
focal point 3.
Figure 1.2: The focal points of the HiRadMat beam (1-3), with the corresponding dis-
tances from the beam dump and the ﬁnal window of the beam line. For more information
see [22, 23].
1.3.2 Layout
HiRadMat is integrated in the CERN’s existing underground tunnel infrastructure. It
consists of the surface access building (given in the CERN convention of buildings and
tunnels the code name ”BA7”), an access shaft equipped with an elevator (code name
”PA7”), an interconnecting tunnel (code name: ”TA7”), the experiment preparatory
area (code name: ”TJ7”) and the experimental area tunnel (code name ”TNC”). Tha
facility is located about 35 m below the surface level. A 2D technical drawing of the
underground areas is shown in Figure 1.3. A 3D representation of the tunnel infras-
tructures can be found in Figure 1.4 while a 3D drawing of the experimental area can
be seen in Figure 1.5.
Access of personnel andmaterial to the underground areas of HiRadMat is possible
through the surface building BA7, using factory-type elevators. While the background
ambient dose equivalent (H(10)) in the TA7 and TJ7 tunnels is around 3 Sv/h, the
dose is signiﬁcantly higher in the TNC tunnel, due to the activation of the beam dump.
Therefore, access in the TNC experimental area is generally prohibited, and allowed
only under special circumstances and the consent of the responsible Radiation Protec-
tion Oﬃcer.
1.3.3 Experimental Area
Aphoto of theHiRadMat experimental area can be seen in Figure 1.6. The experimental
area covers the ﬁnal 10m after the end of the TT66 beam line and up to the beam dump.
At that point, three special stands (“base tables”) were designed and installed. The
4
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Figure 1.3: HiRadMat Underground Areas Drawing. The names of the underground
areas are marked. As discussed in the text, HiRadMat consists mainly of the access area
tunnel (TA7), the preparation area tunnel (TJ7) and the experimental area tunnel (TNC).
Figure 1.4: HiRadMat Tunnel Layout 3D model.
positioning of the base tables (each with a length of 2.2 m) corresponds to the beam
focal points (for details, see [23]). Apart from these base tables, several mobile stands
(“mobile tables”) that can be remotely mounted on the base tables with the use of an
5
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Figure 1.5: HiRadMat underground areas. The newly constructed beam line (given the
code name “TT66”) and the beam dump appear inside TNC tunnel.
overhead crane have been designed and manufactured. Each experimental setup can
be installed on one mobile table and then be remotely transported to the experimental
area. The purpose of this procedure is to facilitate the setup of the experiments that
can be completed in the surface or in the preparatory TJ7 tunnel, while minimizing the
dose to which the personnel is exposed. On the base and mobile tables, a system of
generic connectors has been installed in order to be used by the experimental teams,
either for providing electrical power or for data acquisition purposes. For technical
details concerning the HiRadMat experimental area as well as the manipulation of the
mobile tables, one may consult the facility’s safety ﬁle [24].
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.. 2 Radiation Protection Studies for
HiRadMat
Since HiRadMat is designed with the purpose of hosting beam-material interactions
experiments and not as an irradiation facility where large doses on equipment can be
accumulated, it was decided that a maximum of 1016 protons per year will be delivered
to the facility by the SPS. This proton budget would be shared amongst 10 experiments
on average per operation year.
The radiation protection studies for such a facility are of high concern for the fol-
lowing reasons:
• The design of the facility had to be done in such a way that, the surface and un-
derground areas of the facility had to be classiﬁed accordingly in order to deﬁne
the access of the personnel during the operation of the facility, as well as dur-
ing the no-beam periods. The limits deﬁned by CERN for the classiﬁcation of the
areas [25] for non permanent workplaces can be found in Table 2.1.
Type of Area Maximum Dose
Equivalent Rate (Sv/h)
Access
Non Designated < 2.5 Sv/h No Restriction
Supervised < 15 Sv/h Supervised by RP
Simple Controlled < 50 Sv/h Controlled by RP
Limited Stay < 2mSv/h Controlled by RP
High Radiation < 100mSv/h Controlled by RP
Prohibited > 100mSv/h Controlled by RP
Table 2.1: Classiﬁcation of radiation areas by CERN Radiation Safety Code. Only the
limits concerning the non-permanent workplaces are shown.
• After each experiment, workers and scientists have to access the irradiation area
in order to install the equipment for the forthcoming experiment. The background
radiation from the beam dump or the activated tunnel equipment (beam line el-
ements, walls of the tunnel, etc.) may contribute to an increased radiation dose
to these persons. Therefore, the background radiation levels have to be closely
examined and access to the area must be planned accordingly.
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• The activated objects, after the irradiation, are transported in a special “cool down”
zone, almost 100m downstream of the HiRadMat experimental area. The cooling
time for such an operation has to be calculated beforehand for each experiment,
and be constantly monitored with the appropriate radiation monitoring systems.
For the aforementioned reasons, studies at the design phase, addressing the above
issues and consequently providing guidelines and optimization loops were very im-
portant and obligatory, since they deﬁned the operational envelope for the facility. The
results of the radiation protection studies are presented in the following sections.
2.1 Monte   Carlo Simulation framework
The radiation protection studies for HiRadMat were carried out through a combination
of Monte Carlo simulations and predictions made via analytical models. The chosen
code for these simulations was FLUKA [26, 27], alongside with the graphical front-end
FLAIR [28]. FLUKA was chosen among other codes since is very well benchmarked in
radiation protection studies and accelerator physics (for example, see [29, 30, 31]).
Since HiRadMat was a new facility, the Monte-Carlo model of the surface and un-
derground areas had to be designed from the beginning. In Figure 2.1, the model of the
geometry implemented for the simulations is shown.
Figure 2.1: The FLUKAmodel designed for the HiRadMat area, visualized with Simple-
Geo® [32]
The newly created HiRadMat model is based on the civil engineering plans and
is very accurate in terms of dimensions of the tunnel and building structures. Small
diﬀerences exist due to the fact that the exact physical geometry of the structures is not
always possible to model using only ﬁxed shapes and regions.
Concerning the beam line elements, the beam dump [33], and the electromechanical
equipment present in the facility, only the elements that would signiﬁcantly contribute
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to the prompt or activation dose rate were modeled and they are in absolute agreement
with the engineering drawings.
2.2 Simulation Scenarios
For the purpose of these studies, several sets of simulations have been performed. In
all the presented results, an average of 10 experiments per year, each one of them using
1015 protons, is assumed as a nominal operation scenario for the facility. For beĴer pre-
sentation of the results, the studies have been divided into four categories: (a) prompt
dose calculations, (b) activation calculations, (c) background calculations and (d) cool-
ing water calculations.
2.2.1 Prompt Ambient Dose Equivalent Rate Calculations
In the prompt calculations scenario, the nominal HiRadMat beam is simulated to im-
pinge on an “optimum target” (copper rod of 1 m length and a radius of 3 cm). This
target is placed at focal point 1 of the irradiation area (see Figure 1.2 for the beam focal
points). This “optimum target” conﬁguration yields an interaction probability of 99.9%
for the beam particles and thus can be regarded as the envelope case for the prompt ra-
diation to be expected from the facility in normal operation mode. This position of the
target was chosen because it represents the closest one of the perspective experimental
positions to the surface building, which should be accessible from the personnel during
operation, since it hosts the facility’s control room. A visualization of the model used
for these studies can be seen in Figure 2.2.
Figure 2.2: The model of the copper target placed at focal point 1. The beam impinges on
the target from the left side. The diﬀerent colors correspond to the diﬀerent construction
materials of the dump.
The quantities scored in all the underground areas (TNC, TJ7, TA7) as well as in the
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surface building (BA7) were:
1. AmbientDose Equivalent (H(10)), given in terms ofSv/hnormalizedwith respect
to two SPS cycles: The long one (a total of 1015 protons spread over 30 extractions,
with the duration of the supercycle equal to 44 seconds) and the short one (a total
of 1015 protons spread over 30 extractions, with the duration of the supercycle
equal to 16:8 seconds). In addition, an operational envelope scenario was studied,
consisting of a total of 4:89  1015 protons spread over 100 extractions, each one
lasting 20 s.
2. The 1MeV equivalent neutron ﬂuence [34] in TNC, TJ7 and TA7 tunnels. This ﬂuence
is a general quantiﬁer of displacement eﬀects (also referred to as ”Non-Ionizing
Energy Loss”) (NIEL).
3. The ﬂuence of hadrons with E > 20MeV in all the aforementioned tunnels. High-
energy hadrons are considered to be most dangerous for the equipment, since
their cross sections for creating displacement eﬀects are quite high. For more in-
formation on the cross sections and relative experiments, one may consult [35].
Surface buildings
In order for the safety of the personnel and the environment to be ensured, the dose
rate on the surface building (code name ”BA7”) was calculated. The results for the
operational envelope scenario can be seen in Figure 2.3.
Figure 2.3: The calculated dose rate at the accessible areas as well as the roof of the surface
building for the operational envelope scenario is less than 0.4 Sv/h. The total uncer-
tainty of the simulation is less than 10 %.
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Since the dose rate in BA7 for the worst-case scenario was calculated to be less than
0:4 Sv/h, all the accessible areas of the facility were classiﬁed as ”non-designated ar-
eas”. That means that unreserved access can be given to the personnel, even during
the facility’s operation. Furthermore, the existing shielding of the building roof was
proven to be suﬃcient even in the case of necessary construction works on the roof of
this building during the operation of the facility.
An accident scenariowas also studied. The highest doses in publicly accessible areas
around BA7 are to be expected in case of a beam loss on equipment, e.g., a magnet,
which is located in the TJ7 tunnel and as such, closest to the access shaft leading to the
surface buildings. In order to simulate such a situation underworst-case conditions, the
previously described optimum target was placed in TJ7, on line of sight with respect to
the access tunnel TA7.
Figure 2.4 illustrates the results. It was calculated that outside the building the high-
est expected dose equals 5  10 15  25 % Sv per lost proton. Therefore, in the im-
probable case that the full proton load of one experiment (1015 protons) is lost unnoticed,
the total dose for such an event is expected to be 5 Sv in publicly accessible areas out-
side the building, while a total dose of 20 Sv or less is expected at the accessible by
CERN users surface areas.
Figure 2.4: Total dose equivalent per lost proton in the accessible areas around BA7 for
the worst case accident scenario. It was found that in publicly accessible locations the
highest expected dose equals 5  10 15 Sv/lost proton  25%.
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These dose rates can be considered as negligibly low impact for an accident with
such a lowprobability. However, in addition to the theoretical assessment an ionization
chamber is located next to the entrance of the shielded access shaft in BA7 (see [36] for
details). In case that the radiation levels for low-occupancy non-designated areas are
exceeded (> 2.5 Sv/h) this monitor would raise an alarm in the control room and the
RP service.
Underground Tunnels
The prompt dose rate in the underground tunnels was calculated with the same geom-
etry, and for the operational envelope scenario of 4:89 1015 protons, corresponding to
the maximum number of bunches (288) with the maximum bunch intensity (1:7 1011
protons), averaged over 100 extractions with duration of 20 seconds each. An example
of the prompt equivalent dose rate (in Sv/h) is shown in Figure 2.5.
Figure 2.5: Prompt dose equivalent in the TNC tunnel. The dose rates as expected are in
the order of magnitude of 10ns of Sv at distances up to 1m upstream the target, while in
contact with the irradiated object they are in the order of magnitude of thousands of Sv.
Since the prompt dose rate during the operation is very high, all the underground
areas of HiRadMat were classiﬁed as ”prohibited areas”, and access of personnel there
during the operation is not allowed.
2.2.2 Activation Calculations
For the activation (residual) dose rate calculations, the model of a collimator [37] placed
on an aluminum table at beam focal point 3 was studied after seven diﬀerent cooling
times (1 hour, 12 hours, 1 day, 2 days, 1 week, 1 month, 2 months). The irradiation
proﬁle chosen for this scenario was the short SPS cycle (1015 protons over 504 s), repre-
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senting one experiment. Under this scenario, calculations for the underground areas of
the facility (TNC, TJ7 and TA7) and the irradiated collimator were performed. For each
of the experiments that later took place in the facility, similar studies were carried out.
These studies were important in order to determine the cooling time intervals to access
the facility and the handling of the radioactive objects. The full results of the activation
studies of the facility can be found in reference [38], while speciﬁc activation studies
for the experiments in [39, 40, 41]. The results show that the dose rate in the HiRad-
Mat irradiation area decreases from few tens ofmSv/h after a cooling time of 1 hour to
about 1mSv/h after one day of cooling time at a distance of more than 50 cm from the
irradiated object, with respect to the beam axis. An example of the residual dose rate is
shown in Figure 2.6. After one month of cooling time, the dose rate at a distance of 50
cm from the irradiated object has been reduced to 10 Sv/h. However, the dose rate in
contact with the collimator remains at about 1 mSv/h. Therefore, human intervention
in the vicinity of these objects is foreseen to be kept at a bare minimum, with the im-
plementation of a fully remote transport system which was installed in the facility, as
already mentioned in section 1.3.3.
As far as the TJ7 tunnel is concerned, the average dose rate decreases from about 70
Sv/h (excluding current background radiation levels of a few tens of Sv/h ) after a
cooling time of 1 hour to about 12 Sv/h after a cooling time of half-a-day. Therefore,
in case that emergency access is necessary to the underground areas immediately after
an experiment, it is possible after at least 12 hours of cooling time.
2.2.3 Background Calculations
Since in the ﬁrst year of operation of the facility the number of experiments to take place
in the facility was not fully deﬁned, and the possibility of tight scheduling was signif-
icant, the background radiation remnant on the tunnel after an irradiation was calcu-
lated. Two sets of calculations were performed. In the ﬁrst, the beam was simulated
to hit on the jaw of the collimator used in the activation studies, which was afterwards
removed from the irradiation area. The background dose on the tunnel was then cal-
culated. In addition to that, as a worst-case scenario of an activated object, a cylindrical
copper target, was placed at focal point 3. The irradiation proﬁle used for both scenar-
ios was 1016 protons over one year, representing the average total number of protons in
the experimental area within one year’s time.
From the moment that the irradiated object will have been remotely removed from
the irradiation area, the beam dump remains the main source of radiation in the tunnel.
Nonetheless, after 12 hours of cooling time, the dose rates (except in direct contact with
the beam dump) remain in the level of 16 Sv/h at a distance of 30 cm from the dump,
while they further decrease in the order of magnitude of few Sv/h after one week of
cooling time. These laĴer do not further decrease, since the main source of radiation
now in the tunnel are the long-lived isotopes produced in the beam dump. The results
for TNC tunnel and four cooling times are illustrated in Figure 2.7.
The background radiation in TJ7 tunnel is reduced to a few Sv/h after 1 hour of
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Figure 2.6: Residual dose rate in the TNC tunnel after 1 hour of cooling time, at distances
more than 50 cm from the activated object. The dose rate is about 10mSv/h.
cooling time while it becomes completely negligible after a cooling time of 1 week.
2.2.4 Cooling Water Activation Calculations
An estimate of the induced radioactivity in the cooling water pipes of the beam dump
was carried out for two diﬀerent irradiation scenarios in order to predict the possible
activation of the water in these pipes. Compliance with the limits of the Swiss and
French legislation had to be ensured in order to determine whether the water would
have to be classiﬁed as radioactive. If that was the case, a special handling would need
to be arranged. For this purpose, two diﬀerent beam-impact scenarios were studied:
1. The beam was simulated to impinge on a graphite collimator located at focal
point 3, which represents a normal operational scenario
2. The full beam was simulated to hit directly on the dump core, which represents a
worst-case scenario since the water pipes are in direct contact with the core.
Moreover, two diﬀerent irradiation proﬁles were used:
1. An average number of 1016 protons over one year, which represents a nominal
operational scenario of the facility;
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Figure 2.7: The background radiation in TNC tunnel after the irradiated copper target
has been removed. The main source of activation is the beam dump.
2. An average number of 1017 protons over 10 years, which represents a long-term
scenario.
Operational Scenario - Results
• For 1016 protons over one year, the speciﬁc activity in the cooling water of the
dump was calculated to be 45 Bq/l from 3H and 89 Bq/l from 7Be.
• For 1017 protons over 10 years, the speciﬁc activity in the cooling water of the
dump was calculated to be 353 Bq/l from 3H and 89 Bq/l from 7Be.
Worst Case Scenario - Results
• For 1016 protons over one year, the speciﬁc activity from 3H in the cooling water
of the dump was calculated to be 102 Bq/l and from 7Be to be 198 Bq/l.
• For 1017 protons over 10 years, the speciﬁc activity from 3H in the cooling water
of the dump was calculated to be 1020 Bq/l and from 7Be to be 1999 Bq/l
17
Chapter 2. Radiation Protection Studies for HiRadMat
According to the relevant Swiss legislation [42], which is stricter than the French one,
eﬄuents are considered as radioactive if the following conditions aremet: (1) the speciﬁc
activity of certain radioisotopes (speciﬁc for each eﬄuent) exceeds 1% of the Exemption
Limit (LE) as a weekly mean and (2) the total activity of the eﬄuent exceeds by 100 times
the LE. In the case of water, the levels of tritium 3H and 7Be are considered critical.
The value of 1% of the LE value for 3H is 6000 Bq/l and 100 times the LE value for the
total activity equals 60MBq. In the case of 7Be the respective values are 4000 Bq/l and
40MBq.
According to the calculations, either in the operational or in the worst-case scenario
these limits are not exceeded. Nevertheless, since the half-life of 7Be is signiﬁcantly
lower than for 3H , a worst-case short-term scenario was also studied: The beam of ten
consecutive experiments, performed within the shortest possible time, would imping
directly on the beam dump. This calculation of the maximum 7Be levels showed a
maximum of 946 Bq/l which is still below the limit of 4000 Bq/l. The results from all
the studies are summarized in Table 2.2.
Based on the above, the risk of water activation in the beam dump core cooling cir-
cuits was found to be below the applicable limits, and therefore no special manipulation
of the water has to be foreseen.
Isotope t1/2 Bq/l-1 year Bq/l-10 years Legal Limit [Bq/l]
Conservative Scenario - Beam directly on the dump
3H 12.4 years 102 1020 6000
7Be 53.3 days 198 1999 4000
Operational Scenario - Beam on the collimator
3H 12.4 years 45 353 6000
7Be 53.3 days 89 89 4000
Table 2.2: The results of cooling water activation studies. The limits are not exceeded
neither in the operational nor in the worst-case scenario, therefore no special handling of
radioactive water has to be foreseen.
2.3 Comparison with Measurements
CERN’s radiation protection group operates a network of robust ionization chambers
that are installed inside the accelerator tunnels, in order to perform remote reading of
ambient dose rate equivalents of the underground structures. These monitors, with the
trade name ”PMI, PTW, Type 34031”, consist of a non-conﬁned air ionization plastic
chamber which is operated under atmospheric pressure [43]. Five of these detectors are
installed in HiRadMat’s TNC tunnel, in the positions shown in Figure 2.8. As can be
seen from the ﬁgure, PMI’s 1-3 are located at decreasing distances from the dump, and
therefore, when the beam impinges on the dump, the particle ﬂuence in these detectors
is inversely proportional to their distance from the dump. PMI-5 is located at a distance
of only 30 cm from the dump, being therefore subject to the largest amount of radiation.
PMI-4 is located in the opposite side of the tunnel, thus having a diagonal distance from
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the dump of about 5m.
Figure 2.8: The exact positions and distances of the PMI ionization chambers inside
HiRadMat’s experimental area. PMI-5 is located at a distance of 30 cm from the dump,
where PMI-3, PMI-2 and PMI-1 are located at distances of approximately 3:2, 5:8 and
8:2m, respectively.
In order to evaluate the accuracy of the simulations for the facility, a detailed set
of Monte - Carlo calculations was performed in order to compare the dose equivalent
given by FLUKA, and the actual dose rate measurements of these detectors when the
primary proton beam hits the beam dump.
2.3.1 Simulation Details
More speciﬁcally, the ﬁve detectors were modeled as rectangular air boxes, with their
exact dimensions, at the exact positions as they are in reality. The calculation of the
chambers’ response was performed with the use of a special FORTRAN routine: The
ﬂuence of all particles reaching the detector area was scored, and the average energy
deposition per beam particle was recorded. Using theW-Factor [44] (33.9 eV per e /ion
pair), the energy deposition value was transformed into the number of e /ion pairs
produced. Taking into account that 1 pC was required to trigger one detector count, the
simulation result could directly be comparedwith itsmeasured counterpart (converting
Sv/h to pC based on the calibration of the detectors). In Figures 2.9 to 2.13 the calculated
ﬂuence of all the particles reaching each detector’s volume can be found.
2.3.2 PMI Data
During the commissioning of the facility, several proton pulses were directed on the
facility’s dump, for the purpose of evaluating the beam line instrumentation. The com-
missioning tookplace on the 27th and 28th of June 2011. The pulse intensitywas recorded
with CERN’s monitoring framework, TIMBER [45], which allows the retrospective re-
trieval of all the beam instrumentation data. The PMI data were retrieved by the CERN
RAMSES system. For the purposes of the present comparison, only a fraction of the
total number of the shots were used. More speciﬁcally, six shots were chosen with an
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Figure 2.9: The particle yield reaching the volume of PMI-1 detector (FLUKA simula-
tion). The energy is given in GeV .
increasing intensity and with similar horizontal and vertical position, as well as com-
parable beam losses. The data used in the analysis are summarized in Table 2.3.
Time Stamp Intensity
(109 p.o.t)
PMI-1
(mSv/h)
PMI-2
(mSv/h)
PMI-3
(mSv/h)
PMI-4
(mSv/h)
PMI-5
(mSv/h)
28/11,15:59:12 2.52 3.29 5.08 7.27 3.84 24.9
28/11,17:39:02 4.75 3.42 5.29 7.54 4.02 25.7
28/11,21:12:06 6.92 4.73 7.08 10.1 5.43 33.1
27/11,17:10:10 7.34 4.97 7.32 10.4 5.56 34.3
27/11,14:57:34 8.36 5.16 7.70 10.9 5.86 35.7
28/1114:56:01 8.51 5.23 7.76 11.0 5.89 35.9
Table 2.3: The dataset from the facility’s commissioning used in the present analysis,
and the recorded doses by the ﬁve PMI’s. The time is UTC+1.
2.3.3 Comparison Results
The background radiation from the already activated beam dump was not included in
the simulations. Therefore, a constant underestimation of the simulated charges com-
pared with the measured ones is expected, and illustrated for an intensity of 7:34 109
protons in Figure 2.14. In order therefore for the measured and simulated charges to be
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Figure 2.10: The particle yield reaching the volume of PMI-2 detector (FLUKA simula-
tion). The energy in the x-axis is given in GeV .
directly comparable, the data of the farthest detector from the dump, PMI-1, were scaled
to match the simulation results. The simulated results of all the other four detectors
were scaled by same factor. The results of the comparison can be seen in Figures 2.15
to 2.20.
From the comparison ﬁgures it can be seen that the simulated andmeasured charges
are in excellent agreement. More speciﬁcally, for PMI’s 1-4, the diﬀerence between the
measured and the simulated values lies within around 5%. Since the statistical uncer-
tainty of the simulation ﬂuctuates around 10%-15 % this result is very satisfactory. As
far as the PMI-5 is concerned, the diﬀerence between the measured and the simulated
charges is higher compared with the other detectors, lying between 20%-50%. This can
be explained by the fact that PMI-5 is the detector closest to the interaction point. It is,
therefore, subject to the residual radiation by the activated beam dump.
In conclusion, the agreement between the simulations and the measurements of the
ambient dose equivalent are proved to be quite satisfactory. Additionally, the model of
the facility is found to be trustworthy for future calculations.
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Figure 2.11: The particle yield reaching the volume of PMI-3 detector (FLUKA simula-
tion).The energy in the x-axis is given in GeV .
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Figure 2.12: The particle yield reaching the volume of PMI-4 detector (FLUKA simula-
tion). The energy in the x-axis is given in GeV .
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Figure 2.13: The particle yield reaching the volume of PMI-5 detector (FLUKA simula-
tion). The energy in the x-axis is given in GeV .
24
2.3 Comparison with Measurements
Figure 2.14: A constant underestimation of the simulated charged compared with the
measured one is expected due to the background radiation, as discussed in the text.
Figure 2.15: Comparison between the simulated and measured charges for a pulse inten-
sity of 2.52 109 protons for the 5 installed PMI detectors.
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Figure 2.16: Comparison between the simulated and measured charges for a pulse inten-
sity of 4.75 109 protons for the 5 installed PMI detectors.
Figure 2.17: Comparison between the simulated and measured charges for a pulse inten-
sity of 6.92 109 protons for the 5 installed PMI detectors.
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Figure 2.18: Comparison between the simulated and measured charges for a pulse inten-
sity of 7.34 109 protons for the 5 installed PMI detectors.
Figure 2.19: Comparison between the simulated and measured charges for a pulse inten-
sity of 8.36 109 protons for the 5 installed PMI detectors.
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Figure 2.20: Comparison between the simulated & measured charges for the intensity of
8.51 109 protons for the 5 installed PMI detectors.
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3.1 Introduction
The requirement for future high-luminosity accelerator facilities like the +  collider
[46] or for a future neutrino factory, in which the secondary (rare) particles are created
through interaction of primary protons with a target material, drives the need of ad-
dressing the “targetry” problem, i.e the correct design of the target system. Of particular
importance among the target station parameters proposed for these future facilities is
the requirement for a pulsed multi-MW proton beam. No existing target systemwould
survive in the extreme conditions of such a powerful beam, since the target has to dissi-
pate large amounts of energy, survive the strong pressure waves induced by the short
beam pulses and also the long-term eﬀects of radiation damage [47]. Extensive R&D is
currently being performed on this area, and several solutions are under consideration.
However, up to date, three generic target categories exist: Solid, liquid and granular.
The advantages and disadvantages of each category are brieﬂy hereby presented.
Solid targets in the form of rotating metal bands [48, 49], small carbon or zircaloy
rods [50], or tantalum or depleted uranium plates [51] have been proposed or are to-
day used in many accelerator facilities worldwide. The eﬀects of a short pulsed, high
power proton beam on solidmaterials have been thoroughly discussed (see for example
[52, 53]). The most critical challenges for a solid target are (i) the radiation damage on
the target material, (ii) the shock wave propagation caused by the instantaneous tem-
perature increase which leads to transient stresses and (iii) the high heat ﬂux cooling,
which is imperative in order to prevent a target melting or even sublimation. The ef-
fort to overcome these has led to R&D studies of new materials as well as innovative
methods of cooling. As the demand for higher beam power (in the multi-MW order of
magnitude) appears, however, the limitations of solid materials as high performance
targets become prominent.
In an aĴempt to overcome the limitations of solid targets, liquid mercury has been
adopted as the target technology for the latest neutron facilities ”SNS” and ”J-SNS”,
located at the ORNL and J-PARK research facilities respectively [54], while, following
the results of the MERIT experiment, a liquid mercury jet moving inside a strong mag-
netic induction ﬁeld constitutes nowadays the baseline for a future neutrino factory or
a muon collider. The solution of a liquid mercury target presents considerable advan-
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tages compared to the solid targets. Some of these advantages are:
• the liquid state of the target allows for rapid exchange of the whole target for each
proton pulse, thus evading the density changes due to the evaporation caused by
the high energy deposition;
• the relatively easy circulation of a liquid mercury target allows for quick dissipa-
tion of the beam-induced heat;
• Hg is a relatively high-Z material, which oﬀers a satisfying secondary particle
yield;
However, the solution of mercury presents considerable technical challenges, such
as cavitation due to the evaporation of the target which can be compromising for the
target container and its toxic nature (both in its liquid phase and gas vapors) which can
be dangerous for personnel. Until today, the implementation of a high velocitymercury
jet as a high power target remains questionable.
3.1.1 Solid Fragmented Targets - The HRMT-10 Experiment
An alternative approach to the high power targetry problem are fragmented or gran-
ular solid targets. Several proposals for granular targets have been published (see for
example [55]). However, the recent proof of ﬂuidised tungsten powder pneumatic con-
veyance [56] merits the idea of evaluating the possibility of replacing the mercury jet
with a tungsten powder jet. The advantages of a granular target include:
• The intrinsic resilience of individual grains to beam induced shock wave damage;
• It can be theorized that, beam - induced stress waves are contained within each
separate grain of the material, and therefore the splashing of the target material
(as observed in mercury) due to a shock-wave propagation can be avoided.
• No cavitation can occur in a powdered solid material within a carrier gas, since
this is a phenomenon associated with liquids and solids only.
The choice of tungsten as a target material is based on its unique natural properties.
In particular the high atomic number (Z = 74) and the density of 9 g/cm3 when in
powder form, oﬀer a satisfactory [57, 58] muon yield. The high melting point (3695
K) allows robustness in terms of cooling. Therefore, like the mercury based target, a
ﬂuidized powder target would allow recirculation of a batch of target material so that
the cooling can be performed oﬀ-line.
Despite its potential usefulness, the behavior of tungsten powder under an intense
proton beamhas not been tested yet. The lack of experimental data on high-power beam
induced eﬀects on a static, granular target drove the decision to perform a systematic
evaluation of such a target.
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The experiment, named ”HRMT-10” took place on 31/5/2012 at the HiRadMat facil-
ity of CERN/SPS. Since HRMT-10 was the ﬁrst study of the interaction of a high-energy
proton beamwith tungsten powder, the underlying physics of such an interaction were
investigated. The main scientiﬁc goal was to observe and understand the following ef-
fects :
• Possible disruption of the powder under the eﬀect of the beam;
• Possible melting or agglomeration of the powder grains;
• Apossible evaluation of the shockwave caused by the rapid temperature increase.
For the above reasons, and in order to directly evaluate the feasibility of such a
target, it was decided to perform a single-pulse experiment of static, non-compressed
powder, since such a setup would allow a ﬁrst evaluation of the proton induced ef-
fects, that can be extrapolated for a jet target. An illustration of the original idea of the
experimental apparatus for HRMT-10 experiment appears in Figure 3.1.
Figure 3.1: An illustration of the HRMT-10 experimental apparatus conception idea. A
static solid granular target would be intercepted by the HiRadMat proton beam.
3.2 Experimental Design
3.2.1 Beam Parameters
A direct comparison between a mercury target and a tungsten powder target was in-
tended. The beamparameters of a perspective neutrino factory (according to theNeutrino
Factory InternationalDesign Study (NF-IDS) at the date of the experiment ) andHiRad-
Mat can be found in Table 3.1.
In order to deﬁne the exact beam parameters and the total number of protons that
would be needed to obtain the samedeposited energywith theHiRadMat beam imping-
ing on a tungsten powder target, as the proposed neutrino factory beam impinging on
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Parameter Neutrino Factory HiRadMat
Beam energy 8 GeV 440 GeV
Beam spot size around 1mm2 variable from 0.01 - 4mm2
Protons per pulse 6.25 1013 1-288 bunches / max. 1.7E11 p/bunch
Target Material Hg ( = 13:53 g/cm3) W-powder ( = 9 g/cm3)
Table 3.1: Comparison between the proposed neutrino factory beam parameters and Hi-
RadMat beam parameters
a mercury target, Monte - Carlo simulations were performed, a summary of which is
hereby presented.
3.2.2 Energy Deposition Studies
The simulations were performed with the FLUKA code. The target was simulated as
a cylinder with a diameter of 16 mm and a length of 30 cm. Tungsten powder was
simulated as a compound consisting of 56% tungsten and 46% air (by volume), and a
total density of 9 g/cm3. The beam spot was simulated to have a Gaussian proﬁle with
 = 2 mm in both the horizontal and vertical plane, and a momentum of 440 GeV /c
impinging on one face of the cylinder, 6mm below the tungsten free surface. The max-
imum energy deposition, in a scoring mesh of 0:5  0:5  300 mm3 around the beam
impact point, normalized per primary proton, is shown in Figure 3.2. The maximum
calculated energy deposition of 4:5GeV /cm3 per primary proton, occurs at10 cm from
the target front. It was therefore decided that the sampler holder should be constructed
in such a way, in order to allow for an observation of this exact area of the target.
As can be seen in Figure 3.3, with a beam momentum of 440 GeV /c and a beam
spot size of 2 mm2 in both planes, a total intensity of 3:74  1012 protons per pulse is
necessary in order to obtain the samemaximumdeposited energy per gram on tungsten
powder as on mercury with a neutrino factory pulse.
The maximum temperature increase on the target was also calculated. For a pulse
of 3:74  1012 the maximum temperature increase in the center of the target is calcu-
lated to be around 2200 K. The temperature distribution over the length of the target
is presented in Figure 3.4. Therefore, since the melting point of tungsten is 3695 K, no
melting of the grains should be observed.
3.3 Experimental setup
Two observation techniques were applied in order to quantify the target reaction to the
proton beam exposure:
• High Speed Photography
High speed photography was chosen as the basic instrumentation of the experi-
ment. It has been employed in past experiments like MERIT as a diagnostic tool
for recording the interaction of materials & particle beams with success. For the
HRMT-10 experiment, a black & white high speed camera by RedLake® (model
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Figure 3.2: The energy deposition in the center of the target,normalized per primary
proton.
MotionXtra HG-100k) with a capability of recording up to 105 frames per second
(fps) was used. Technical details and a description of the camera can be found
in [60].
• Laser - Doppler Vibrometry
Laser - Doppler Vibrometers (LDV) are nowadays used in many industrial ap-
plications for the remote measurements of speed and displacement, as well as
in previous targetry experiments [?]. For the HRTM-10 experiment, an LDV by
Polytec® (model OFV-505), with maximum sampling frequency of 10.24 MHz
was employed. Technical details for the vibrometer device (instrument & con-
troller) can be found in [62, 63].
In addition, pressure gauges and temperature sensors were placed at several points
in the interior of the experimental apparatus, in order to monitor possible temperature
and pressure changes due to the beam impact.
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Figure 3.3: Comparison of the energy deposition per gram on (i) the Hg proposed target
after one pulse with the NF proposed beam parameters (ii) the tungsten powder target
after one pulse with the HiRadMat beam parameters and (iii) the tungsten powder target
after one pulse with the NF proposed beam parameters.
The design of the experimental apparatus and the layout of the experiment in the
facility were designed in such a way in order to fully exploit the capabilities of those
instruments. More details for the speciﬁc parameters of the camera and the LDV used
in HRMT-10 are given at later point.
3.3.1 Experimental Apparatus
In order to ensure the safe irradiation of the target, the experimental apparatus designed
forHRMT-10 consistedmainly of a ”sample holder”, comprising of aU-shaped titanium
trough with an inner width of 15mm and a maximum height of 22:5mm. The powder
grain diameters distribution is illustrated in Figure 3.5, while a high-resolution micro-
scope image of the grains is shown in Figure 3.6. Approximately 210 g of W-powder
were placed inside the sample holder in total.
Primary & Secondary Trough
The beam would intercept the target along its axis, with its vertical position at 6 mm
below the powder top surface. The interior trough containing the tungsten powder
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Figure 3.4: Temperature increase on the center of the target, calculated for a pulse of
3:74  1012 protons. The maximum temperature increase is well below the tungsten
melting point of 3695K.
was surrounded by a second titanium trough, of similar construction with the primary
one, but not directly in contact with the powder. A hole at a position of 8-10 cm from the
beginning of the target allowed the LDV tomeasure the vibration of the inner container.
An engineering drawing cross section of the setup can be found in Figure 3.7.
This double-trough geometry was chosen in order to measure the velocity both of
the inner trough (containing the powder) and the outer trough in shots with similar in-
tensity. From comparison between the two measurements, the source of the vibrations
could be possibly determined and the magnitude of a possible shock wave propagating
into the powder could be evaluated.
Containers
Since a possible disruption of radioactive powder was expected and in order to avoid
possible contamination of the experimental area, two rectangular aluminum containers
were constructed to surround the target. Two 3 mm thick soda-lime glass windows,
were placed at the same position in both the inner and the outer container to allow a
direct view onto the target. An engineering drawing depicting the setup is presented in
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Figure 3.5: The grain size distribution of the powder used in the experiment. Courtesy:
RAL
Figure 3.8, while a photo of the two containers appears in Figure 3.9. The beam entrance
and exit windows were constructed from titanium, and both had a thickness of 1mm.
To ensure that no combustion of the powder would occur due to the beam-induced
temperature increase, the two containers were ﬁlled with helium gas at a nominal pres-
sure of 1 bar.
Target Illumination
Many factors potentially contribute to the quality of a photographic image, such as the
technology and resolution of the camera CCD sensor, the optical focusing lenses, the
stability of the camera, the ambient lighting andmany others; in the case of remote high-
speed photography however, the determining factors for the quality of the images are
(a) the small exposure interval, since recording in the kHz frame rate entails exposure
intervals in the order of magnitude of ms, and (b) the very long observation distance
which contributes to the optical power loss due to aĴenuation. These two factors impose
the need of a strong illumination of the target.
For the HRMT-10 experiment, the illumination of the target was carried out by 12
powerful LED clusters (model: Oslon 10 Cluster White), placed onto six copper bases,
for cooling purposes. The orientation of the LED stations can be seen in Figure 3.10. The
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Figure 3.6: A microscopy image of the tungsten powder grains used in the experiment.
Courtesy: RAL
Figure 3.7: Detailed cut view of the primary and the secondary trough. The two LDV
positions (to the inner and the outer trough) are marked on the left image, while on the
right image the complete setup is presented, as well as the measurement position of the
LDV.
total luminous ﬂux of the LED’s was 192 klm when their temperature was at about 40
degrees, while it was reduced to 178 klm when their temperature reached 70 degrees.
Therefore it was decided to turn oﬀ the LED’s between the beam pulses on target, in
order to maintain their temperature as low as possible.
The complete setup of the apparatus is shown in Figure 3.11, while a direct view of
the target trough through the two observation windows can be seen in Figure 3.12. A
total length of 14 cm of the target was visible through the window. In order to be able
to measure the height of a perspective disruption, a grid was manufactured and placed
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Figure 3.8: A section-drawing of the complete setup. The two containers and the two
observation windows can be seen. 6 powerful LED-cluster stations placed inside the ﬁrst
container were used for the illumination of the target.
Figure 3.9: Photograph of the inner and outer container.
behind the target trough. The experimental apparatuswas installed onHiRadMat’smo-
bile table. More speciﬁcally, it was installed on a special platform (which was bolted on
the table) that could vertically move it into and out of the beam’s trajectory. The power
and control cabling of this motor, along with the power switches of the LED’s and the
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Figure 3.10: Drawing of the LED stations and the illumination of the target.
data cabling of the pressure and temperature sensors of the apparatus, were connected
to the connectors of the mobile table. Through the facility’s cabling infrastructure the
signalswere transmiĴed to the control room, fromwhere the remote control of the LEDs
and the data logging of the sensors was possible at any moment during the experiment.
Figure 3.11: Photograph of the designed experimental apparatus. On the left side the
cabling for the temperature and pressure gauges can be seen, connected to the data logger
in the right side.
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Figure 3.12: Image of the target through the two observational windows. In left and
right of the image, two of the copper bases of the LED stations can be seen. A grid was
manufactured and placed behind the trough, in order to be able to easilymeasure the height
of a possible disruption.
3.3.2 Experimental Layout
Prompt Radiation and Concrete Bunker
Detailed Monte - Carlo simulations were carried out in order to assess the prompt and
activation radiation expected from the target. A detailed model of the apparatus, very
accurate in dimensions and materials was prepared and shown in Figure 3.13. In Fig-
ure 3.14 the prompt dose equivalent for one pulse of 3:74 1012 protons is depicted.
The prompt dose on the target is several thousands of Sievert, while just few cen-
timeters away from the experimental apparatus, the dose is several hundreds of Sievert.
This amount of prompt radiation precluded the placement of any electronic equipment
near the mobile table. Both the high-speed camera and the LDV had to be placed at
a safe distance from the target and be shielded from the prompt radiation. In order
to deal with this situation, the following solution was implemented: the high-speed
camera and the LDV were placed inside a custom-made concrete bunker, placed in the
TJ7 tunnel about 35 meters away from the target. The optical guidance of the camera
and the LDV beam on the target was performed through a system of two mirrors for
each one of the devices. The ﬁrst mirror was placed near the bunker in the TJ7 tunnel,
and the other near the target (in the TNC tunnel). The second mirror was common for
both instruments, and was aĴached on the mobile table. A schematic of the setup can
be found in Figure 3.16 and a photo of the second mirror can be seen in Figure 3.17.
The TJ7 mirror through which the LDV beamwas directed onto the troughs was placed
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Figure 3.13: FLUKA model of the experimental apparatus of HRMT-10. The sample
holder, the secondary trough and the two containers with the two observation windows
are accurately modeled.
Figure 3.14: Prompt Dose Equivalent of the apparatus for 3:74  1012 protons. The
prompt dose of the target itself approaches thousands of Sievert for this number of protons.
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Figure 3.15: Photos of the LDV and the High Speed Camera installed inside the concrete
bunker. In (a) the front face of the camera and the LDV can be seen, while in (b) the two
computers used for the data acquisition of the devices are shown.
on an electronic, remotely controllable translation device. The horizontal translation of
the mirror, allowed the remote translation of the LDV beam from the inner to the outer
trough.
In Figure 3.15 photos of the High Speed Camera and the LDV installed in the TJ7
bunker can be found. In (a) the front face of the camera and the LDV inside the concrete
bunker, stabilized on the special aluminum bases can be seen while in (b) the back view
of the diagnostic equipment is shown. Two computers connected on CERN’s network
allowed the remote control of the data taking procedure.
Figure 3.16: The experimental layout of the HRMT-10 experiment.
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Figure 3.17: The ﬁxed mirror aĴached on the mobile table, close to the target. Both the
camera view & the LDV beam were guided through the same mirror on the target.
The thickness and the exact dimensions of the concrete bunker were optimised with
diﬀerent sets of Monte - Carlo simulations. The model of the ﬁnal bunker design can be
seen in Figure 3.18 and the calculation of the dose that the equipment would be subject
to for a proton pulse of 3:74 1012 protons in Figure 3.19.
3.3.3 Instrumentation Parameters
The high-speed camera was placed inside the concrete bunker, and was connected thr-
ough an ethernet controller to a PC, while the LDV and the electronic translator of the
LDV mirror were connected to another. Both computers were also placed inside the
bunker and were connected in CERN’s network infrastructure. That way, they could
be remotely accessed and controlled from the surface. The camera was placed on an
aluminum base, bolted on the concrete bunker, explicitly constructed for ensuring its
stability. In order to focus the camera on the sample holder through two mirrors, a
telephoto lens (model NIKORR-40) with a focal length of 2000 mm was mounted on
the camera. In addition, two secondary lenses (”teleconverters”) were also mounted on
the camera, the ﬁrst of strength 2x and the second of strength 1.4x. The eﬀect of the
teleconverters is to multiply the focal length of the camera lens. As a result, the total
focal length of the high-speed camera was about 4800mm. The frame rate was initially
chosen to be 2000 fps (2 kHz) but during the experiment, it was realized that 1000 (1
kHz) fps were also suﬃcient to fully observe the powder movement. Therefore some
of the shots are recorded with 2000 fps while the rest with 1000 fps. Due to the very
small distance between the target center and the grid, the camera was simultaneously
focused on the grid and on the target.
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Figure 3.18: The dimensions of the ﬁnal design of the bunker. The side that is exposed to
the ﬂux of backscaĴered particles from the target has a total length of 1.2m.
Both the camera and the LDV were triggered by the beam. The camera was conﬁg-
ured to also store 20 frames before the trigger, in order to allow for any trigger jiĴer.
These 20 pre-trigger frames correspond to a time window of 10 ms for a framerate of
2000 fps and to 20 ms for a frame rate of 1000 fps. A total of 2000 frames could be
stored in the camera’s internal memory. After the trigger pulse, both the 20 pre-trigger
and the 1980 post-trigger frames were recorded on the camera’s memory, and had to be
downloaded into the computer’s hard disk before the subsequent shot.
The camera’s ﬁeld of view was conﬁgured to about 12:5  7 cm and the resolution
of the obtained images was 768  480 pixels, thus corresponding to a pixel size of 161
m on the horizontal axis and of 157 m on the vertical axis. An example of the camera
ﬁeld of view is shown in Figure 3.20.
The LDV sampling frequency was set to the maximum available of 10:24 MHz. A
total time window of 12 ms was recorded for each shot. As for the camera, the system
recorded in a loop storing the signal in the internal memory and saved to disk 10%
of the available sampling buﬀer preceding the beam trigger together with 90% of the
signal following the beam trigger. The laser beamwas focused on the target through the
mirrors and the quality of the signal (as evaluated by the instrument itself) was quite
satisfying, despite the long distance, the reﬂection through two mirrors and the beam
permeation through the two observational windows of the apparatus.
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Figure 3.19: The calculated dose on the camera (modeled as a box constructed by silicon)
for an assumed proton pulse of 3:74 1012. The dose on the camera was calculated to be
about 0.2mGy.
Figure 3.20: One frame as recorded by the optical observation system (before beam im-
pact). The upper surface of the powder is located at the lower edge of the 1-cm grid. The
beam direction is from the left. The bright spot in the lower part of the image is the LDV
beam pointed at the trough. The resolution of the photo is about 160 m per pixel.
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3.4 Data taking
The experiment took place on 31/5/2012. In Table 3.2 information about the exact beam
intensity, the spot size as well as the position of the LDV beam (inner or outer trough)
can be found. A plot depicting the pulse intensity as a function of the shot number, can
be seen in Figure 3.21.
During the data-taking procedure, coordination of the experimental team with the
SPS control room was necessary. Each pulse had to be optimized in terms of intensity
and spot size before being delivered on target; during these optimizations the exper-
imental apparatus was moved out of the beam trajectory and the extracted prepara-
tory shots were shot onto the dump. When the measured beam pulse parameters were
matching the experiment’s speciﬁcations, the target was moved back into the beam’s
trajectory, and the LED’s were turned on.
Figure 3.21: The intensity of the pulses on target. From shot #22 and onwards, a diﬀerent
beam position was used.
After the download of the data, a quick review of the high-speed images was per-
formed, in order to roughly evaluate if any visible eﬀect was present. The ﬁrst major
powder disruption appeared for an intensity of 1:75  1011 protons, at much lower in-
tensity than expected from simulations with ANSYS (predicting the disruption thresh-
old to be at 1012 protons). Therefore, the original pulse list of a maximum intensity of
3:74 1012 protons on target was abandoned, since for 2:94 1011 protons, the powder
disruption was already very signiﬁcant. That was the maximum intensity shot on tar-
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get. It was decided instead of further increasing the intensity, to try changing the beam
position by 2 mm higher in the vertical direction, in order to investigate the possibil-
ity that the beam position plays an important role in the powder disruption. The total
number of protons shot on target for both beam positions was 3:31 1012.
During the experiment’s data taking procedure, the temperature of the LED sta-
tions was constantly monitored, as well as the pressure of the containers’ helium atmo-
sphere. No signiﬁcant indications on these sensors appeared during the experimental
procedure.
3.5 Activation of the target & decommissioning
In order to asses the necessary cooling time before a possible post-irradiation analysis of
the target, a detailed set ofMonte - Carlo simulations was performed for several cooling
times. The results from these simulations, for a cooling time of 1 hour and 4 months,
assuming the ﬁnal total proton budget of the experiment to be equal to 3:31 1012 pro-
tons, are illustrated in Figures 3.22 and 3.23. As can be seen from the Figures, at least
4 months of cooling time were necessary in order for the dose rate in contact with the
container to be less than 3 Sv/h. Therefore, the mobile table with the experimental ap-
paratus was remotely transferred to the facility’s cool-down area, where it remained for
almost 4months after the experiment. After this time, the outer container was disman-
tled, and, without opening the inner container, photos of the powder surface inside the
primary trough and the disrupted powder were taken. More information concerning
the activation of HRMT-10 as well as the radionuclide inventory of the activated target
can be found in [64].
Figure 3.22: Activation of the experimental apparatus, after a total proton budget of
3:31 1012 protons and a cooling time of 1 hour. The results are expressed in Sv/h.
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# B/p* Intensity
1011p:o:t
x[mm] y[mm] LDV pos. f[kHz] Pos.
1 1 0:068 N/A N/A IN 2 N
2 1 0:035 N/A N/A OUT 2 N
3 – – – – – – –
4 6 0:46 0.45 1.00 IN 2 N
5 6 0:43 0.76 1.09 OUT 2 N
6 6 0:81 0.77 1.23 IN 2 N
7 6 0:84 0.80 1.20 OUT 2 N
8 6 1:75 1.17 1.60 IN 2 N
9 6 1:85 1.07 1.30 OUT 2 N
10 6 1:58 0.93 1.66 IN 1 N
11 6 1:69 1.10 1.60 IN 2 N
12 6 1:30 2.15 1.61 IN 2 N
13 6 1:60 2.14 1.69 IN 1 N
14 6 2:00 2.33 1.88 OUT 1 N
15 – – – – – – –
16 36 1:49 1.00 1.51 IN 1 N
17 36 2:00 1.10 1.70 IN 1 N
18 36 2:60 1.37 1.79 OUT 2 N
19 – – – – – – –
20 36 2:64 1.31 1.81 IN 1 N
21 36 2:94 1.39 1.85 IN 1 N
22 36 1:58 0.92 1.66 IN 1 UP
23 – – – – – 1 UP
24 1 1:55 0.94 1.65 OUT 1 UP
25 1 2:00 0.94 1.66 IN 1 UP
26 1 1:89 1.22 1.41 IN 1 UP
Table 3.2: The pulse list of the HRMT-10 experiment. In the third column the abbrevi-
ation ”B/p” stands for ”Bunches per pulse”. In the pilot shots, information of the beam
spot size was not available, while in shots #3, #15, #19 and #23 the beamwas not extracted
from the SPS. The error on the beam intensity and the spot size is around 3%. The abbre-
viation ”IN” in the LDV position column means that the LDV was pointing on the inner
trough, while the abbreviation ”OUT” means that it was pointing on the outer trough.
In the last column, the position of the beam is indicated. The abbreviation ”N” means
the beam was pointing in the nominal (6 mm below the powder free surface) position,
while the abbreviation ”UP” means that the beam was pointing in a higher position, i.e 4
mm from the powder’s free surface. The total number of protons for the experiment was
3:31 1012 protons on target.
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Figure 3.23: Activation of the experimental apparatus, after a total proton budget of
3:31 1012 protons and a cooling time of 4 months. The results are expressed in Sv/h.
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.. 4 Data Analysis and Results
4.1 High Speed Images
4.1.1 Analysis
The images obtained during the data taking procedure were saved under the non-
compressed Tagged Image File Format (TIFF) format. The data of each one of these
images, could be extracted as a 480  768 array of values, each one within the range of
0 - 255 (8 bits), where 0 corresponds to black color and 255 to white. In order to observe
and analyze the movement of the powder, the pixel values of a vertical ”stripe” corre-
sponding to the average of 5 pixels along the horizontal (beam) axis, near the simulated
shower maximum (11 cm from the target front) was chosen (Figure 4.1).
Figure 4.1: One frame acquired by the high-speed camera. The green vertical line rep-
resents the average of 5 neighboring pixels around horizontal pixel # 200, which is about
11 cm from the target front.
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In order to algorithmically detect the powdermovement in the chosen vertical stripe
for all the frames of each one of the shots, two approaches could be followed. (a) The def-
inition of the ”background” (in terms of positions and corresponding pixel values) from
the pre-trigger frames of each shot and its later subtraction fromeach post-trigger frame.
Since the powder position in the vertical stripe changes in each frame, the diﬀerence be-
tween the pixel values of each frame and the background would deﬁne the position of
the powder. An alternative approach would be, (b) the deﬁnition of a ”threshold” pixel
value. In each frame, the pixel values of the vertical stripe would be examined from top
to boĴom. The ﬁrst pixel of the stripe that would have a value less than the threshold
would deﬁne the powder height in the speciﬁc frame. However, in the digital images of
HRMT-10 experiment, two factors made the approach (a) impractical to apply. These
two factors were:
Figure 4.2: An illustration of the pixel values of the vertical stripe for 1 and 2ms after the
trigger. The x-axis is the pixel position from top to boĴom (corresponding to the powder
height) where the y-axis corresponds to the pixel value (in bytes, where 0 corresponds to
”black” and 255 to ”white”). It can be seen that at 2ms, due the LED failure, the whole
background went darker. In some of the shots, after some milliseconds, the lighting was
re-estated as discussed in the text.
1. The failure of the LED’s due to radiation. It was observed that, 1 ms after the
beam impingement on the target, some of the LED’s were turned oﬀ and, in some
cases, after some milliseconds were observed to turn back on. The cause of this
eﬀect is the amount of prompt radiation impinging on the LED’s. Therefore the
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deﬁned background at the pre-trigger frames was diﬀerent from the post-trigger
ones, and therefore could not be subtracted. An illustration of the background
diﬀerence due to the LED failure for shot #8 can be seen in Figure 4.2.
2. The shadow of the powder and the trough. The direct light by the LED’s illu-
minating the target, cast a shadow of the trough and the powder itself which was
visible in the photograph background (Figure 4.3). As the powderwas disrupting,
the shadowmovement was preceding the powder movement, changing therefore
in each frame the background, compared with the pre-trigger. An illustration of
the eﬀect can be seen in Figure 4.4.
Figure 4.3: The pre-trigger frame of shot #8. The shadow of the trough and the powder
cast in the background is illustrated inside the red box.
For the aforementioned reasons, approach (b) was chosen in order to deﬁne, in each
frame, the position of the powder. The threshold should be quite strict in order to be
robust in the background changes due to the shadow and the failure of the LED’s. In
order to correctly choose the threshold value, the pixel values of the ﬁrst 40 pixels (from
the top) of the chosen vertical stripe were extracted for the 20 pre-trigger frames. These
pixels were enough to deﬁne the background, since they include the white background
and the grid line. The threshold was deﬁned as a multiple of the maximum standard
deviation found in any of these values, subtracted from theminimumpixel value found
in these 40 pixels. The resulting pixel value was deﬁned as ”threshold”. The powder
height corresponding to 6 thresholds (3 strict & 3 lenient) were applied for each shot in
order to deﬁne the powder movement. The ﬁnal dataset for each shot consists of the
mean value of the six results along with their standard deviation.
After the deﬁnition of the threshold in each shot, for each one of the recorded frames,
the algorithm detects the pixel values of the vertical stripe described above and com-
pares them with the chosen threshold. The ﬁrst pixel (from top to boĴom) that will be
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Figure 4.4: The frame corresponding to 15 ms after the beam impact, for shot #8. The
powder has disrupted, and its shadow precedes its movement. The background is diﬀerent
compared with the pre-trigger frames.
found in each frame to have a value lower than threshold, is recognized as the “powder
height” at the speciﬁc frame. An illustration of the pixel values for the stripe and the
chosen threshold can be seen in Figure 4.5.
Figure 4.5: An illustration of the chosen thresholds, for shot #10, for the frame corre-
sponding to 5 ms after the beam impact. The x-axis corresponds to the pixel position
(from top to boĴom) while the y-axis corresponds to the pixel value (in bytes, 0 corre-
sponds to ”black” and 255 to ”white”). The three horizontal red lines correspond to the
three strict thresholds chosen to determine the powder height, while the three blue corre-
spond to the three lenient thresholds. The ﬁnal height is determined from the mean height
given from all six thresholds and their standard deviation. The ﬁve spikes at positions <
270 correspond to the black grid lines, while the two spikes near pixel 240 correspond to
two artefact lines of the camera sensor.
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Type-I error correction
In addition to the threshold choice algorithm, an algorithmic module to correct Type-
I (false positives) errors of powder detection was implemented. This module applies
each time that the powder height is detected, for all 6 thresholds. More speciﬁcally,
if the pixel in a vertical position k has a value lower than the deﬁned threshold, the
algorithm checks the value of the pixel positioned in k+10 pixels. If the value of the pixel
positioned at k+10 still has a lower value than the deﬁned threshold, then the algorithm
recognizes position k as the powder height in the speciﬁc frame. In the opposite case,
it recognizes a false positive continuing to scan the stripe’s pixel values.
This module assumes that the powder moves homogeneously in the stripe and dur-
ing the disruption the grain clusters are not vertically separated by more than 1.6 mm
(distance that corresponds to 10 pixels). Due to the resolution of the photographs, the
detection of a single grain was not possible. A visualisation of the calculated powder
height for shot #10 can be seen in Figure 4.6, and example of the result of the data ex-
traction algorithm alongside with the Type-I error correcting module can be seen in
Figure 4.7.
Figure 4.6: Selected frames from shot #10. The frames are rotated by 90 degrees for
visualisation reasons. The y-axis corresponds to the ﬁve horizontal pixels over which the
analysis is averaged (in this case pixels 198 - 202). The x-axis corresponds to the vertical
pixel lane. Near pixel 300 the powder can be distinguished. The red line corresponds to
the powder height deﬁned by the algorithm for each frame for that shot, for 3rd out of the 6
thresholds. The label of each frame indicates the millisecond after the beam impact. At any
case, it is clear that the algorithm detects very well the vertical movement of the powder.
The ﬁnal result of the data extraction, after conversion of pixel positions to millime-
ters and of frames to milliseconds (the resting position of the powder, was chosen by
convention to be 0mm), can be seen in Figure 4.8 for shot #10 as illustration. The height
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Figure 4.7: The result of the data extraction algorithm and the Type-I error correcting
module for shot #10. In the pre-trigger frames, the powder does not move, and its position
remains the same throughout the frames. As the beam arrives, the powder movement
through the frames is detected. The x-axis corresponds to the frame number, while the
y-axis is the vertical pixel position, where the top corresponds to pixel 0 and the powder
position at the pre-trigger is around pixel 270. Around frame 120, a secondary disruption
begins in shot #10, which is also detected by the algorithm.
of all the powder shots can be found in the appendix A.
FromFigures 4.8 and 4.9 can be seen that the algorithmdetects verywell the powder
movement. In the speciﬁc shot, the powder disruption is relatively homogeneous in
the ﬁrst 25 ms, and there is no big deviation between the diﬀerent thresholds. As the
powder reaches itsmaximumheight, some grains start falling and some others continue
moving up. The density of the powder is reduced, and therefore the deviation between
the thresholds is bigger. The powder descent detection therefore has bigger uncertainty
than the ascent.
4.1.2 Results
During the experiment, the powder disrupted in many diﬀerent ways. The results of
the digital image analysis for three diﬀerent pixel stripes, corresponding to horizontal
pixels #200, #210 and #220 are hereby presented. These three pixel stripes are located at
a distance of 11.15, 11.30 and 11.45 cm from the target front. Their position is indicated
in Figure 4.10. The speciﬁc pixel stripes were chosen for the analysis because they are
located near the expected shower maximum of the hadronic interaction of the beam
with the target. The horizontal distance between the three stripes is 1.5mm.
Maximum Powder Height
In Figure 4.11 the maximum height of the powder as a function of the pulse intensity is
presented for the three diﬀerent pixel stripes. It is obvious that the maximum height of
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Figure 4.8: Movement of the tungsten powder for shot #10. The data points represent
the mean value of the powder position from 6 diﬀerent thresholds, and the error bars the
standard deviation of this value. In this speciﬁc shot a secondary disruption was observed,
as it can be seen in times 90ms.
the powder scales with the beam intensity, and no big diﬀerences appear between the
three diﬀerent pixel stripes. The maximum height appears for 2:94  1011 protons on
target, which was the most intense shot of the experiment.
It is obvious that themaximum height of the powder scales with the beam intensity,
and no big diﬀerences appear between the three diﬀerent pixel stripes. The maximum
height appears for 2:94 1011 protons on target.
Time Evolution of the Disruption
The ﬁrst and most subtle movement of the powder occurred after the impact of 8:40
1010 protons on target. In all subsequent shots with higher intensity than that, a dis-
ruption was observed. Shots with lower intensity did not cause any observable powder
disruption. The evolution of the disruption as a function of the beam intensity is illus-
trated in Figure 4.12. From that plot it is veriﬁed that the duration of the disruption
scales with the pulse intensity, as expected.
The ﬁrst major disruptions - Shot #8 and Shot #9
As mentioned earlier, up to shot #5 (intensity 4:36  1010 p.o.t), no movement of the
powder was observed. At shot #6, the ﬁrst slight movement of powder was observed.
Therefore, in can be stated that the threshold of powder disruption lies between 4:36
and 8:1 1010 p.o.t. In shot #8, where the beam had an intensity of 1:75 1011 protons
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(a) pre-trigger (b) 10ms
(c) 40ms (d) 70ms
Figure 4.9: Disruption Evolution of shot # 10, (1:58 1011 p.o.t). The vertical red line
corresponds to the position of the vertical stripe of pixel #200, and the horizontal to the
powder height in every frame, ploĴed for visualisation reasons.
on target, the ﬁrst major disruption was observed. The powder disrupted quite homo-
geneously, without ﬁlaments ¹. The height of the powder as a function of the time for
the speciﬁc shot can be seen in Figure 4.13, while selected frames of the disruption can
be found in Figure 4.14.
In all the subsequent shots, the disruption of the powder included ﬁlaments. This
behavior can be explained by the fact that, after the disruption of shot #8, the powder
surface was not smooth anymore. An increased roughness on the powder surface can
possibly account for the behaviour of shot #9, which, despite having a similar intensity
with shot #8 (1:85 1011 p.o.t), disrupted in a totally diﬀerent way (see Figure 4.15).
¹Filament: An elongated thread of powder.
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Figure 4.10: The positions of pixel #200, #210 and #220 are indicated with the orange
vertical lines. The horizontal distance between them is 1.5mm.
Figure 4.11: The maximum height as a function of the intensity, for all the shots in the
nominal beam position. Values are given for the three diﬀerent stripes described in the
text.
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Figure 4.12: Evolution of the powder disruption as a function of the beam intensity. The
black points correspond to the time that the disruption begins; the red points correspond
to the time that the disruption is at its maximum height; the blue points correspond to the
time that the disruption has been completed, and the powder has returned to stagnation.
The disruption evolution scales with the beam intensity.
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Figure 4.13: The powder movement for pixel # 200 of shot #8. We can see that for the ﬁrst
17ms the powder disrupts homogeneously. The bigger error bars for t  17ms are due
to the fact that few and smaller grains clusters are seperated from the main powder body
adding therefore uncertainty in the determination of the exact position of the powder.
61
Chapter 4. Data Analysis and Results
Figure
4.14:Selected
fram
esfrom
shot#8,w
heretheﬁrstm
ajordisruption
w
asobserved.
The
beam
im
pinges
from
the
left,6
m
m
below
the
pow
der
free
surface.
The
m
axim
um
heightreached
by
the
grains
is
13:84
0
:44
m
m
after
40
m
s,w
hile
the
m
axim
um
grain
velocity
is
m
easured
to
be
0:41
0
:11
m
/s.
62
4.1 High Speed Images
Fi
gu
re
4.
15
:S
el
ec
te
d
fr
am
es
fr
om
sh
ot
#9
.T
he
ex
te
nd
ed
ﬁl
am
en
ta
tio
n
is
m
os
tp
ro
ba
bl
y
du
e
to
th
e
ro
ug
hn
es
s
of
th
e
po
w
de
r
su
rf
ac
e,
ca
us
ed
by
sh
ot
#8
.
63
Chapter 4. Data Analysis and Results
Secondary Disruptions
In shot #10 for the ﬁrst time, and in only for the next four subsequent shots, two sec-
ondary disruption spots appeared after the conclusion of the main disruption the pow-
der (at about 65 ms). The powder in these disruptions reaches at lower maximum
height compared with the main disruption. It can be theorized that these secondary
disruptions correspond to a shock wave propagation inside the target trough. A plot
showing the duration of these secondary disruptions as a function of the beam inten-
sity can be seen in Figure 4.16, and the frames into which the disruptions appear for
ﬁrst time at shot #10 can be seen in Figure 4.17.
Figure 4.16: The black data series and the left y-axis correspond to the maximum height
of the powder (in mm) during the secondary disruptions. It can be theorized that the
secondary disruptions correspond to a traveling shock wave inside the powder target, as
discussed in the text. The red data series and the left y-axis correspond to thems after the
beam impact that the secondary disruptions appear for ﬁrst time.
4.2 LDV Data
4.2.1 Analysis
As already mentioned, the sampling frequency of the LDV was 10:24 MHz. The data
of the troughs velocity were extracted as a 131072 2 array of data, the ﬁrst column of
which corresponds to the time (in intervals of 9:76  10 8 seconds) and the second to
the velocity of the inner/outer trough inm/s. An example of the extracted LDV data for
shot #9 can be seen in Figure 4.18.
Applying Fast Fourier Transform [65] on the velocity data, the frequency spectrum
of the movement was obtained. An example of the frequency spectrum corresponding
to shot #9 can be seen in Figure 4.19.
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Figure 4.18: The extracted LDV data for shot #9. The x-axis corresponds to the time,
and the y-axis to the measured velocity of the trough. For the speciﬁc shot, the LDV was
pointed in the secondary trough. The diﬀerence between the beam impact and the end of
the pre-trigger frames is due to a jiĴer, as discussed in the text.
Figure 4.19: The frequency spectrum for shot #9. Frequencies higher than 5 kHz have
been omiĴed from the plot for visualization purposes. A dominant frequency of 1.2 kHz
can be seen.
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Figure 4.20: The velocity data recorded by the LDV for the shots 1-13. Shot #3 is omiĴed
since no beam was extracted on target. The x-axis of each plot corresponds to the time, on
a total recording window of 12ms. The ﬁrst 1:2ms correspond to the pre-trigger signal,
while the beam arrives at about 1ms after the end of the pre-trigger window, as discussed
in the text. The title of each plot declares the shot number(as it appears in Table 3.2). The
abbreviation ”INN” on each plot’s label means that the LDV beam was pointing in the
inner trough, while the abbreviation ”OUT” on the outer. In shot #10 noise of unknown
source and large amplitude exists in the pre-trigger frames, as in shot #13. It can be
noticed that despite the observations from the high-speed images, no concluding evidence
concerning the observed phenomena can be deducted from the LDV data.
4.2.2 Results
The results of the velocity measurements recorded by the LDV for all the shots can be
seen in Figures 4.20 and 4.21. During the ﬁrst, lower intensity pulses, the magnitude of
the gas pressure was not enough tomove the powder grains, however it caused a vibra-
tion of the containers. The ﬁrst major disruption occurred in shot #8, with an intensity
of 1:75 1011 protons and a spot size equal to 1.87m2. The recorded trough velocity in
this shot was signiﬁcantly increased compared with the previous ones. From the anal-
ysis of the velocity measurements from all the shots, it was observed that in some of
them, higher background noise was recorded during the pre-trigger time window. For
example, the signal from shot #8 has much less background noise compared with shot
#10. The source of this increased background noise in some of the shots remains still
unknown. It can be however theorized that this behavior is due to the radiation impact
on the LDV itself or the readout card installed inside the data-acquisition computer.
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Figure 4.21: The velocity data recorded by the LDV for the shots 14-26. Shots #15, #19
and #23 are omiĴed from the plot since no beam was extracted on target. In shot #21 the
most violent powder disruption was observed. In shots #16, #17, #20, #21 and #24, noise
of unknown source and large amplitude appears in the pre-trigger frames.
Beam trigger jiĴer
An electronic signal (”trigger”) was sent to the LDV and the high-speed camera for indi-
cating the beam extraction and activate the camera and the LDV. However, this trigger
was subject to an intrinsic jiĴer, of the order of magnitude of a fewms. Therefore, there
is a slight diﬀerence between the end of the pre-trigger time-window of the instruments
and the actual presence of the beam. Nonetheless, since the secondary particles due the
beam interaction with the target cause Single EventUpsets (SEU) on the camera sensor,
the exact frame of the beam arrival could be determined. In addition, from the LDVdata
the ﬁrst vibrations could be distinguished within an uncertainty of 10 % - 15% from the
pre-trigger background signal. All this information is concentrated in Figure 4.22, from
which it can be determined that the trigger jiĴer is, at any case, less than 2.2ms.
Frequency Analysis
A Fourier analysis performed on the LDV data revealed the underlying frequencies of
the vibrations. An overview plot of the frequency analysis of each shot can be seen in
Figure 4.23. Due to the high noise of themeasurements, not clear deductions concerning
any dominant frequencies can be made. However, comparing the frequency spectrum
and the calculated displacement from shots #8 (intensity 1:75  1011 p.o.t) and shot #9
(intensity 1:85  1011 p.o.t), it can be seen that (a) the velocity of the primary trough is
greater than the velocity of the outer and (b) a resonant peak is present at around 1.2
kHz, which had been predicted by ANSYS simulations [67].
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Figure 4.22: Estimation of the beam arrival time by the photos and the LDV data. For
shots #1 and #2 no single event upsets or clear indication of the start of a vibration could
be found, due to the very low beam intensity. In shots #3, #15, #19 and #23 no beam was
extracted. In the majority of the shots the beam arrival is estimated to be between 1 and
1:5ms, thus indicating a jiĴer of this magnitude in the electronic trigger. In shot #7, the
beam arrival time is estimated to be between 1 and 2.2ms.
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Figure 4.23: An overview plot with the frequency analysis of all the plots. As in Fig-
ures 4.20 and 4.21, shots #3, #15, #19 and #23 are omiĴed from the plot since no beam
was extracted on target. The x-axis of each plot is the frequency in Hz. The y-axis is the
square root of the fourier power amplitude, indicating the ”strength” of each frequency.
The title of each plot declares the shot number(as it appears in Table 3.2). The abbreviation
”INN” on each plot’s label means that the LDV beam was pointing in the inner trough,
where the abbreviation ”OUT” on the outer.
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Conclusions
Despite the limitations, the following information was extracted from the LDV data
analysis:
• Resonant Peak around 1.2 kHz. The frequency analysis of the LDV data conﬁrms
a resonant peak around 1.2 kHz which corresponds to a predicted (by simula-
tions) harmonic of the trough around 1 kHz.
• The measured velocity of the primary trough is greater than the one of the sec-
ondary one. As expected, the outer trough moves slower than the inner trough.
That observation suggests that the movement of both containers is propagating
from the powder to the primary trough and then subsequently to the secondary.
Therefore the possibility that the outer container causes the powder movement
can be excluded.
The high-amplitude noise of unknown source and the lack of absolute beam stamp
in the LDVdata in order to exactly determine the beam arrival time, make the resolution
of the propagation speed of a possible shock wave impossible. No conclusive evidence
concerning the presence of such a wave exists, except from the indication provided by
the aforementioned secondary disruptions inside the powder.
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The results of the digital image analysis revealed that the sequence of physical phenom-
ena that take place right after the beam impingement on the target are:
1. The beam deposits its energy on the target.
2. The temperature of the W-grains increases.
3. Thermal expansion of the grains starts.
4. The temperature of the surrounding gas increases due to heat transfer from the
grains.
5. The surrounding gas starts to expand, dragging along the smallest (and more
light) of the powder grains.
Processes (1-4) are completed before the movement of the grains starts, that is in
t  1ms. The expansion of the gas continues until its pressure is completely relieved.
We assume that the time that the increased gas pressure reaches the atmospheric pres-
sure of the inner container, the gas stops expanding. At t = tc, the expansion of the gas
ﬁnishes; the observed grain (or cluster of grains) has detached from the rest of the pow-
der and for t  tc follows a trajectory of a ”vertical projectile” in the He gas atmosphere
of the container. This critical time (tc) corresponds in most of the cases to 10ms after
the beam impact.
Two theoretical models have been developed to describe the movements in these
two time regimes. For reasons of simplicity and beĴer presentation of the results, the
second regime (t  tc ) will be presented ﬁrst.
5.1 Second time regime: t  tc
In this time regime, the movement of the powder grains in the He gas atmosphere of
the inner container, can be described as the movement of a body in a continuous, vis-
cous gas. Assuming spherical grains, a drag force is acting on the grains due to the gas
viscosity. This force, known as the Stokes drag force, is equal to:
Fd =  6R  u (5.1)
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where R is the radius of the grain,  is the dynamic viscosity of the gas, and u the
speed of the grain. An illustration of the grain and the forces acting during itsmovement
in the gas, is shown in Figure 5.1.
Figure 5.1: The forces acting on the grain during its movement in the gas atmosphere,
for t  tc.
Assigning for simplicity b  6R for the Stokes drag force coeﬃcients, the equation
of motion of the grain becomes:
du
dt
=  g   b
m
 u (5.2)
Wherem is themass of the grain. Equation 5.2 is of the form dudt = au b0 the solution
of which is :
u =
b0
a
+ ceat (5.3)
Substituting in Equation 5.3 the values a =   bm and b0 = g along with deﬁning the
quantity Vt  mgb , and applying the initial condition u(t = 0) = u0 the solution of the
equation becomes:
u(t) =  Vt + (Vt + u0)  e  bm t (5.4)
where Vt is the terminal velocity of the grains due to the friction of the gas. Integrating
Equation 5.4 and applying the initial condition y(t = 0) = 0, we obtain the motion
equation of the powder grains:
y(t) =  Vt  t+ (Vt + u0)m
b
(1  e  bm t) (5.5)
The limit of Equation 5.5 as b approaches zero is:
y(t) = u0t  1
2
gt2 (5.6)
Equation 5.6 corresponds to the trajectory of a vertical projectilewith an initial speed
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u0 in vacuum. We deﬁne the quantity:
 =
m
b
=
V
6R
=
2R2
9
(5.7)
and with an addition of a time-oﬀset term t0 allowing for the trigger jiĴer, Equa-
tion 5.5 becomes:
y(t) = g  (t  t0) + (ag + u0)    (1  e 
t t0
a ) (5.8)
The data points corresponding to the height of the powder movement for all shots,
were ﬁĴedwith Equation 5.8 where , u0 and t0 were treated by the algorithm as free ﬁt
parameters. A weighted ﬁt was performed, in order to take into account the standard
deviations of the data points given by the extraction algorithm. Thisway the error of the
ﬁt parameters was calculated. In all cases, the goodness of ﬁt was very satisfactory, an
example of the p-values given from several goodness of ﬁt tests performed for shot #10
are shown in Table 5.1. It must be noted that the parameter u0 calculated by the ﬁĴing
algorithm using equation 5.5 corresponds to the value of the ﬁt function for t = 0. This
value has nophysicalmeaning, since Equation 5.8 is only valid for t  tc andnot at t = 0.
The maximum powder speed u0, deﬁned at the moment t = tc, when the expanding
gas has accelerated the grains at their maximum speed, and they are simultaneously
detached from the main powder body remaining in the trough, is calculated by the
slope of the ﬁĴing curve at t = tc.
Test name Statistic Value P-value data - ﬁt agreement
Anderson - Darling 0.179473 0.99504
Cramer-von Mises 0.0342077 0.9990794
Kolmogorov - Smirnov 0.0930233 0.990794
Kuiper 0.286545 0.295776
Pearson Chi Square 7.03342 0.63364
Watson U2 0.0237956 0.977406
Table 5.1: The results of several goodness of ﬁt tests, all of them using as null hypothesis
that the data are in agreement with the ﬁt equation, and alternative hypothesis that they
are not. It can be seen that the p-value of the null hypothesis is very high in all cases -
fact that conﬁrms the good agreement of the data with the ﬁt equation. The results of the
goodness of ﬁt tests were satisfying for all the shots of the experiment.
An illustration of the importance of the gas friction to the powder movement can
be found in Figure 5.2, along with the ﬁĴed data points corresponding to the powder
height for shot #10.
A plot of the calculated maximum speed, u0 at t = tc (given by the slope of the ﬁĴed
curve) for all the shots with the beam at nominal position (up to shot #21 as is shown
in Table 3.2)) is given in Figure 5.3, and a combined plot of the shots intensity and the
measured maximum speed of the grains, showing the correlation of the two, can be
found in Figure 5.4.
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Figure 5.2: An illustration of the importance of the drag force on the movement of the
powder grains. The red curve illustrates the movement of the powder grains with the
calculated initial speed from the slope of the ﬁĴed curve at t = tc, if there was no friction
from the gas. The green ﬁt curve is projected to t = 0 for beĴer visualization of the result.
It is clear from Figure 5.3 that the maximum speed of the powder grains scales lin-
early with the beam intensity. In all cases, and for all three analysed stripes, the maxi-
mum measured speed does not exceed 1:5m/s.
As deﬁned in Equation 5.7, the free parameter  is a function of the powder density,
the grain radius and the dynamic viscosity of the He gas, which for a temperature of 20
degrees has the value of 1:9610 5 kgms , while the density of a tungsten grain is 19:3 gcm3 .
Solving Equation 5.7 for R we obtain:
R =
r
9
2
(5.9)
Parameter  versus the grain radius is ploĴed in Figure 5.5, and the calculated radii
for the three analyzed stripes are concentrated in Figure 5.6. The error bars of the radii
are calculated through error propagation from the error given by the ﬁt of the data with
Equation 5.9 for parameter . In all cases, the measured grains radii do not exceed 25
m (or 50 m diameter).
5.2 Initial Acceleration: t  tc
As already discussed, in the time regime after the critical time tc, the acting forces on
the powder grains which deﬁne their movement are the gravity and the drag force due
to the gas atmosphere of the inner container. However, it was observed that in the ﬁrst
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Figure 5.3: The maximum velocity of the powder grains at t = tc for the three stripes
used in the analysis, corresponding to a position of 11 cm from the target front.
time regime (t < tc), the slope of themeasured data points corresponding to the vertical
powder movement, is diﬀerent from the slope of the data in the second regime. More
speciﬁcally, the powder grains during the ﬁrst milliseconds are accelerated.
Two physical phenomena can account for this observed acceleration of the powder
grains:
1. The expansion of the helium gas due to the temperature/pressure increase and
subsequent movement of the grains that enclose this expanding gas;
2. The thermal expansion of the tungsten grains due to the energy deposited from
the beam.
5.2.1 Expansion of the He gas due to the temperature increase
The deposited energy from the primary beam directly to the gas is negligible compared
with the energy deposited to the grains, due to the very small density of the gas (1:7
10 4 g/cm3). Therefore, any temperature increase of the gas is only due to heat transfer
from the powder grains. FLUKA calculations of the target for an assumed proton pulse
of 3 1011 protons showed a temperature increase of 230 K for one tungsten grain of
a radius 50 m placed at the shower maximum.
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Figure 5.4: The initial speed of the powder grains at t = t0 for the three pixel stripes
used in the analysis. It can be seen that the maximum speed is in direct correlation with
the beam intensity.
Taking into account the heat transfer by convection from the grains to the gas :
_Q = hA(Tf   Ta) (5.10)
where h is the heat transfer coeﬃcient, A the grain surface, Tf is the ﬁnal temper-
ature of the grain and Ta the ambient temperature of the convective gas. We assume
a spherical grain with a radius of 50 m, surrounded by a gas sphere with the same
volume as the grain. Assuming that the temperature of the grain is instantaneously
increased by 230 K due to the energy deposition by the beam, from Equations 5.10 the
time needed for the gas surrounding this ideal grain to reach at the same temperature
with the grain can be calculated. A plot illustrating the temperature as a function of
time for two diﬀerent emissivity constants can be found in Figure 5.7.
It has to be noted that in the above calculation the contribution ofmany neighboring
grains to the heating of the same gas volume has not been taken into account. Therefore,
the actual time needed for a very small volume of gas geĴing heated by many grains
simultaneously could be even less. At any case the time needed for the heat transfer
from the grains to the surrounding gas is not longer than 1-2ms.
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Figure 5.5: The relationship between the free ﬁt parameter  and the grain radius, based
on equations 5.7 and 5.9.
5.2.2 Thermal expansion of the W-grains
Thermal Expansion ofmetals due to temperature increase has been extensively studied in
the literature [66]. When the temperature changes by T , the length of a rod of initial
length L will change by L :
L = LT (5.11)
where, the coeﬃcient of linear expansion, is the ratio of the fractional change in length
to the change in temperature:
 =
L/L
T
(5.12)
Tungsten has the lowest coeﬃcient of thermal expansion of any pure metal, equal
to 4:5m m 1 K 1, being therefore relatively robust in terms of thermal expansion.
However, the eﬀect of the grain expansion can be expressed through an initial thermal
expansion speed uexp which appears instantaneously with the beam, and has an eﬀect
on the grains’ movement.
Denoting the constant speed of the expanding gas with ugas, the forces acting on
the grain in the time regime t  tc are (a) the gravity and (b) the drag force due to its
movement in the friction gas ﬁeld, where the total drag force acting on the grain from
the gas is denoted by:
F = b(ugas   u) (5.13)
79
Chapter 5. Theoretical Model
Figure 5.6: The calculated radii of the tungsten grains under disruption, for the three
vertical stripes used in the analysis, for all the shots of the experiment. At shots # 22,
# 24, # 25 and # 26, the beam was impinging 4 mm below the powder free surface. The
error bars are calculated through error propagation of the errors given by the ﬁt of the data
with Equation 5.9.
Where b = 6R is the drag coeﬃcient.
An illustration of the grain and the forces contributing to its movement can be seen
in Figure 5.8.
The equation of motion of the grain is :
du
dt
=   b
m
u+
b
m
ugas   g (5.14)
Since the thermal expansion takes place instantaneously, we can assume a constant
initial speed of the grains to be equal to the thermal expansion speed :
u0 = uexp
Integrating the solution of Equation 5.14 applying the initial condition y0(t = 0) = 0
the vertical position of the powder as a function of time for this time regimewhere t  tc
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Figure 5.7: The time needed for the surrounding gas of a W-grain with a radius of 50
m to reach a temperature of 523 K through radiative and convective heat transfer, using
Equations 5.10 and assuming the heat transfer coeﬃcient between iron and air. Two
emissivity factors are studied. The time needed in both cases is less than 2ms.
Figure 5.8: The forces acting on the grain during its movement in the gas atmosphere,
for t  tc
.
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Figure 5.9: An example of the result of the ﬁĴing algorithms for shot #10. The red line
denotes the ﬁt for the regime t  tc, while the green line denotes the ﬁt for the regime
t  tc. For this speciﬁc example, the speed of the gas, ugas was calculated to be 0:930:2
m/s.
is:
y0(t) = ( gm
b
+ ugas)  t+
m(mgb   ugas + uexp)
b
  e
  bt
mm(mgb   ugas + uexp)
b
(5.15)
The extracted data were ﬁĴed with Equation 5.15 where ugas and uexp were treated
as free ﬁt parameters. The value of parameter  = mb was taken from the ﬁt algorithm
of the second regime (previously described). As with the data for t  tc, a weighted ﬁt
was performed in order to take into account the standard deviations of the data points
given by the extraction algorithm. An example of the ﬁĴed data points (for the ﬁrst and
the second regime) for shot #10 can be seen in Figure 5.9.
5.3 Speed of the expanding gas
For reasons of simplicity, in the theoretical model of the ﬁrst time regime (t  tc) it is
assumed that the gas expands with a constant speed, ugas. In Figure 5.10 the expanding
gas speed is illustrated as a function of the pulse intensity.
As can be seen from Figure 5.10, the estimated gas speed is within the range of 0 6
m/s. The error bars, corresponding to the error of the ﬁt algorithm are increased com-
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Figure 5.10: The calculated speed of the expanding gas. No signiﬁcant diﬀerences appear
between the three horizontal pixels chosen, and in all cases the speed of the expanding gas
is calculated between 0.1 and 6m/s.
paredwith the error bars of the initial velocity, due to the lack of data points concerning
this time regime.
5.4 Higher beam position
After shot # 21, and for the last four shots, the beam position was moved up by 2 mm,
that is 4mm below the tungsten free surface. The grain velocity measured in this case,
as a function of the beam intensity is ploĴed in Figure 5.11.
As in the case when the beam was impinging 6mm below the powder free surface,
themeasuredmaximum speed of the grains appears to be scaling linearlywith the pulse
intensity. Therefore the higher beam position does not play signiﬁcant role in the scal-
ing of the maximum grain speed with the beam intensity. Additionally, the velocities
measured remain in the same order of magnitude as in the nominal beam position.
5.5 Post-Irradiation observation
After 6 months of cooling time the calculated dose rate in contact with the outer con-
tainer of the experimental apparatus was negligible, fact which was conﬁrmed by mea-
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Figure 5.11: The maximum velocity of the powder grains for t = tc, for the three vertical
stripes used in the analysis, for the last 4 shots at a higher beam position than before.
surements by the CERN RP service. However, as predicted by the simulations, the
target itself was slightly radioactive and the danger of the escape of activated pow-
der grains in the atmosphere was signiﬁcant. Therefore, with the purpose of a post-
irradiation observation of the target, it was decided to dismantle and open the outer
container keeping the inner one closed. High quality photos were taken from several
angles in order to observe the amount of powder fallen outside of the trough, as well
any visible eﬀect of the proton beam on the powder surface. In Figure 5.12, a post irra-
diation photo of the target can be seen.
From Figure 5.12 it can be observed that the target was displaced symmetrically
on both sides of the container, and now traces of powder can be found on the trough
sides (where before the experiment the powder was carefully installed only inside the
inner trough. See Figure 3.12). However, this bilateral displacement seems to be of a
small amplitude, since only a small amount of powder was found on the boĴom of the
inner container. Comparably small amount of powder seems to have been displaced
and fallen beyond the upstream end of the target (Figure 5.13).
A zoom on the disrupted powder’s surface can be found in Figure 5.14. A ”trench”,
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Figure 5.12: A photo of the target trough after the irradiation. A bilateral displacement
of the powder can be observed. However, the total amount of powder fallen out of the
double trough system is very small.
Figure 5.13: A small amount of powder was found to have fallen in the forward direction,
after the upstream end of the target.
of approximate estimated depth of 2mm and width of 5mmwas observed at the center
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of the target. The existence of this trench suggests that only the amount of powder at
the center of the trough was disrupted and therefore displaced. The rest of the powder
seems not to have suﬀered any displacement. The existence of this trench around the
beam impact point and the absence of a homogeneous disruption of the powder surface
suggests that, even if a pressure wave was present due to the beam, its magnitude was
not big enough to disrupt a larger amount of tungsten powder.
Figure 5.14: Zoom on the disrupted powder’s surface.
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6.1 Summary
The HRMT-10 experiment allowed the investigation of the physical laws that dominate
the interaction of a granular target with a high-energy proton beam. A disruption of
the tungsten powder grains was observed after the beam impact on the target. The
maximum measured disruption velocity of 1.5 m/s was observed for a proton beam
intensity of 2.6 1011 protons per pulse. The maximum grain velocity scales with the
beam intensity for both vertical beam positions (Figures 5.3 and 5.11). The ﬁrst sig-
niﬁcant disruption was observed after a proton intensity of 1:75  1011 protons and a
beam spot size of about 1.87 mm2. Moreover, the diameters of the disrupted grains
were measured to be less than 50 m (Figure 5.6), a size corresponding to the center of
the measured grain size distribution (Figure 3.5). The time evolution of the disruption
and the maximum height of the disrupted powder also scale with the beam intensity
(Figures 4.12 and 4.11)). The speed of the expanding gas has been also calculated to
be less than 10 m/s in all cases (Figure 5.10). Additionally, it was conﬁrmed that the
observedmovement of the powder grains is due to the impact of the beam, and not due
to the movement of the containers. The post-irradiation analysis of the target conﬁrms
that the disruption was not very violent, since only a very small amount of powder was
found outside the troughs.
The maximum intensity shot on target during the HRMT-10 experiment was 2:94
1011 protons. Assuming that the observed linear relation between the maximum grain
speed and the beam intensity holds for higher intensities, and extrapolation can bemade
to estimate the response of such a target to a neutrino factory pulse.
6.2 Extrapolation to Neutrino Factory parameters
The neutrino factory baseline proposes a 4MW proton beam impinging on a mercury
target, with a repetition rate of 50 Hz. This beam power corresponds to a pulse inten-
sity of 6:25  1013 protons with an energy of 8 GeV . As already explained in section
3.3.2 and shown in Figure 3.3, the maximum deposited energy per gram on mercury
after such a pulse is equal to 200 J/g. During the HRMT-10 experiment, the maximum
deposited energy for each pulse was calculated and shown in Figure 6.1 as a function
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of the maximum grain speed measured in each shot. Applying a linear ﬁt to the three
speed datasets corresponding to the three vertical stripes, and extrapolating their aver-
age for 1 order of magnitude (200 J/g), the estimated maximum grain speed caused
by a neutrino factory equivalent pulse on tungsten powder can be obtained. The results
are shown in Figure 6.2. It can be seen that the expected maximum speed of the grains
in case of a neutrino factory equivalent pulse depositing on target 200 J/g, does not
exceed 30m/s.
Figure 6.1: The maximum deposited energy for all the pulses of HRMT-10 experiment.
The maximum deposited energy is 30 J/g for 2:94 1011 protons on target.
6.3 Discussion
Several studies [68, 69] have shown that erosion onmetal or glass surfaces frommetallic
granular materials becomes signiﬁcant only when the speed of the incident grains is
greater than 100 m/s. This speed value is greater by at least a factor of 3 compared to
the extrapolated speed of the grains of 30 m/s predicted for a neutrino factory pulse.
This very low speed of the W-grains is an encouraging indication for the stability of a
future target container.
Additionally, themaximum temperature increase of the powder grains for a pulse of
3:741012 p.o.t does not exceed 2000K (Figure 3.4). Since themelting point of tungsten
is 3695 K, the danger of the melting of the target after a single neutrino factory pulse
can be excluded.
The pneumatic conveyance of tungsten powder has been demonstrated for speeds
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Figure 6.2: Extrapolation of the measured maximum grains velocity for 3:741012 p.o.t,
pulse intensity corresponding to a neutrino factory. The dashed line corresponds to the
average linear ﬁt of the experimental data extrapolated for one order of magnitude higher.
up to 10 m/s, and powder has shown excellent ﬂowability. In addition, the pion yield
for a 10GeV proton beam on tungsten powder has been shown not to be very diﬀerent
from the one of liquid mercury [70]. However, the implementation details of such a
target station must be more carefully studied. For example, the possible erosion eﬀects
of the target container due to the conveyancemust beminimized. Also, the heat-transfer
capability of such a system must be carefully studied.
6.4 Future Work
The HRMT-10 experiment was the ﬁrst step in investigating the complex behavior of
a granular material under the impact of a high-energetic proton beam. This ﬁeld is,
until today, highly unexplored. Some of the eﬀects observed during the experiment
however, still remain unexplained. For example, the nature of the observed secondary
disruptions; the exact cause of the ﬁlaments (for example shots #8 and #9); the existence
or not of a shock wave. In general, further research is needed in order to beĴer under-
stand the exact physical mechanisms that drive the dynamics of a granular target under
the eﬀect of the beam impact. A future experiment must be planned into which the free
surface of the target will be visible during the beam impact. This will allow the evalu-
ation of a possible shock wave propagating inside the powder volume. Additionally,
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since the diameters of the disrupted grains are measured to be less than 50 m, then
it is possible that if the grain size distribution of the target is larger by approximately
a factor of 2, then no disruption may occur. Replacing the carrier gas with vacuum
would also be very interesting, since it would allow to observe the physical phenomena
taking place only due to the beam-grains interaction, without the gas expansion. After
these experiments, an even more detailed theoretical model predicting the behavior of
tungsten grains under the eﬀect of the beam could be developed and evaluated.
In conclusion, HRMT-10 was the ﬁrst experiment to investigate the behavior of a
granular material under the eﬀect of a high-power beam, and allowed the observation
of the physical phenomena that take place in such an interaction for the ﬁrst time. The
results of the experiment were quite encouraging, and tungsten powder deﬁnitely mer-
its further investigation concerning its feasibility as a high-power target.
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.. A The movement of the powder as a
function of time
In this appendix, the movement of the powder for vertical stripe located near the hor-
izontal pixel #200 can be found, for all the shots of the experiment, with the exception
of shot #9, which due to the extreme ﬁlamentation could not be analyzed.
In shots #1, #2, #4, #5, and #6 no movement of the powder was observed, while in
shots #3, #15, #19 and #23 no beamwas extracted on target. The error bars correspond to
the deviation between the six chosen thresholds, which in most of the cases are bigger
during the powder descent. In shots #10, #11, #12 and #13, the secondary disruptions
can be seen occuring after the stagnation of the powder from the main disruption.
The change of slope near tc = 10 ms, which denotes the end of the acceleration,
is more obvious in the shots with higher intensity. Comments for speciﬁc shots can be
found in the captions.
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(a) Shot #7. The ﬁrst observed disruption of pow-
der. The error bars are very big due to the very
slight movement of the powder (maximum powder
height < 1.5mm.)
(b) Shot #8. The ﬁrst major disruption of powder.
As discussed in the data analysis chapter, the pow-
der is moving homogeneously up to 20 ms, without
ﬁlaments, while afterwards ﬁlaments are created.
Figure A.1: Shots #7 and #8
(a) Shot #10. The secondary disruptions appear for
ﬁrst site at t =  90ms
(b) Shot #11. Secondary disruptions appear also in
this shot.
Figure A.2: Shots #10 and #11
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(a) Shot #12. The disruption in this shot was slight.
However, a secondary disruption appears also in this
shot.
(b) Shot #13. Secondary disruptions appear also in
this shot, this time at t =  50. The height of the
secondary disruption does not exceed 1:5mm.
Figure A.3: Shots #12 and #13
(a) Shot #14. The last shot into which a secondary
disruption was observed.
(b) Shot #16. The behavior of the powder is similar
in terms of duration with shot #10. No secondary
disruption appeared in this shot.
Figure A.4: Shots #14 and #16
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(a) Shot #17. Even this shot has the same intensity as
shot #14, the maximum height in this case is bigger.
This behavior can be explained by the diﬀerence in
the spot size between the two shots. Also, even that
the two shots had the same intensity, no secondary
disruption appeared in shot #17.
(b) Shot #18. This shot had one of the higher inten-
sities of the experiment. The disruption is quite vio-
lent, and the powder height is near to the maximum.
During the descent of the powder, the error bars are
bigger due to the diﬀerence in the observed powder’s
density, caused by the diﬀerence on the grain sizes.
Figure A.5: Shots #17 and #18
(a) Shot #20. This shot had the penultimate intensity
of the experiment. The disruption lasts  120ms.
(b) Shot #21. The shot with the maximum intensity
of the experiment. The powder needs 120 ms to
fully stagnate.
Figure A.6: Shots #20 and #21
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(a) Shot #22. This was the ﬁrst shot with the beam
shot in a higher beam position (4 mm from the sur-
face).
(b) Shot #24. Similar behavior with #10. The dif-
ferent beam position appears to have no eﬀect on the
powder disruption.
Figure A.7: Shots #22 and #24
(a) Shot #25. (b) Shot #26.
Figure A.8: Shots #25 and #26
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Ł Dreamweaver (web design) 
Ł Adobe Photoshop (image processing) 
Ł Google SketchUp (basic 3D design) 
Ł Video editing with miscellaneous software 
 
Experienced user of system  administration & networking software packages  
Ł Apache Web Server 
Ł Bind (Network domain server) 
Ł Sendmail (Mail server)  
Ł MySql (Database server) 
Ł Nagios (Network monitoring server) 
Ł phpBB (Electronic forum software) 
Ł IRCd (Online chat server) 
 
Programming Languages 
Ł C++ 
Ł Pascal 
Ł Visual Basic 
Ł shell scripting 
Ł HTML 
Ł XHTML 
Ł CSS 
Ł LaTeX typesetting engine 
 
Operating Systems (user and administrator) 
Ł MS Windows (all versions) 
Ł Linux (most of the distributions) 
Ł FreeBSD, OpenBSD, NetBSD 
Ł Sun Solaris 
 
Hardware  
Ł Experienced administrator of computer hardware  
Ł Experienced user of scientific hardware (NIM crates, data acquisition 
systems) 
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ORGANISATIONAL / 
MANAGERIAL SKILLS 
Ł Member of organising committees & technical support in many 
conferences during my studies 
Ł Students’ supervision in several cases (Nat. Tech. University of Athens & 
CERN)  
Ł Official  CERN guide & First Aider  
Ł Attended Leadership Course in 2009 in Surrey, England. 
 
 
 
 
 
 
MISCELLANEOUS   Ł Driving License category B 
Ł European Computers Driving Licence (ECDL) 
Ł Song & Music theory teacher. Knowledge of piano 
Ł Participation in semi-professional choir 
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